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CHAPTER I
INTRODUCTION

An understanding of the mechanisms creating cardiac dysrhythmias is of great importance, and views concerning such mechanisms have been the subject of much
investigation for well over 70 years.

Owing to the dif-

ficulty in creating cardiac tachydysrhythmias and bradydysrhythmias in the experimental animal, conclusions
concerning their origin have been largely speculative.
Hoffman and Cranefield observed that the single most
important cause of alterations in cardiac rate and rhythm
is the action of autonomic mediators (95).

Gillis (61),

Harris (77), and Sugimoto (205), have correlated the incidence of arrhythmias after coronary artery occlusion
with activity of the sympathetic nervous system.

They

found that pharmacological block or surgical sectioning of the sympathetic nerves greatly decreases the incidence of arrhythmias after coronary artery ligation.
Recently, Geesbreght (54) and Goldberg (64), recording
1

2
electrograrns from the sinus node and internodal pathways,
have shown that stimulation of the stellate ganglia and
individual cardiac nerves shifted the cardiac pacemaker
to sites near the internodal pathways producing altered
patterns of atrial excitation.
Bradydysrhythmias induced by vagal stimulation
have been limited mainly to decentralized cervical vagal
stimulations and infusions of acetylcholine (83, 152,
203).

These approaches eliminate the reflex effects due

to stimulation of afferent fibers and generate massive
vagal efferent stimulation of the heart which is not consistent with traditional teachings of discrete-parasympathetic activation.

With the recent reports of cardiac

afferent impulses coursing in the small vagal nerves

(9),

it is important to study both the direct efferent as well
as the reflex effects of stimulation of these small
nerves.
The purpose of this investigation is to:

a) in-

duce cardiac tachydysrhythmias by stimulation of a discrete autonomic cardiac nerve; b) analyze and characterize with local cardiac electrograms, these neurally
induced tachydysrhythmias; c) pharmacologically prevent
these neurally induced tachydysrhythmias with neural
blocking agents and antiarrhythmic drugs, administered

3

systemically and selectively via the A-V nodal artery; and
d) analyze with local cardiac electrograms the direct and
reflexly induced cardiac bradydysrhythmias generated by
stimulation of the vagus nerves and their small cardiac
branches.

CHAPTER II
LITERATURE REVIEW

The histological discovery of the sino-atrial (S-A)
node was made by Keith and Flack in 1906 (122).

They des-

cribed an area at the junction of the superior vena cava
and right atrium which contained cells with large nuclei
and muchcconnective tissue.

Modern anatomical studies of

the S-A node with electronmicroscopy by James
firmed the initial studies of Keith and Flack.

(108) conFurther-

more James describes three types of cells within the S-A
node:

P cells which are pale and ovoid with few myofi-

brils and mitochondria; transitional cells which are
larger and contain more myofibrils and mitochondria; and
working myocardial cells.
Utilizing pacing techniques, electrocardiogram
analysis, and local electrogram initial negativity, Sir
Thomas Lewis found the S-A node to be the normal cardiac
pacemaker (135).

Microelectrode studies by Trautwein

and Uchinzono (213) have recorded pacemaker action
4

5

pote n

tials from P cells thereby tentatively equating P

cellS and pacemaker function in the S-A node.

Hoffman and

cranefield (91) define a pacemaker action potential as one
demonstrating smooth transition from the prepotential diastolic depolarization of phase 4 to the rapid depolarization of phase 0 •
. With the anatomical and physiological description
of the cardiac pacemaker in the S-A node under normal conditions, investigations into impulse propagation from the
s-A node to the atrioventricular (A-V) node were begun.
In 1907, Wenckebach (236) and in 1909, Thorel (210) described "specialized" muscle tracts from the S-A node to
the A-V nodal area.

In 1914, Sir Thomas Lewis proposed

the concept of radial concentric spread of the impulse
between the S-A and A-V nodes (137).

He likened the ex-

citation wave in the right atrium to "the spread of a
fluid poured upon a flat surface, its edge advances as
an ever widening circle, until the whole surface is
covered."

However, in 1916, Eyster and Meek proposed

asymmetric condition of the impulse from the S-A node
along preferential pathways to the A-V node (SO).

They

found that surgical sectioning of the internodal tracts
where they exit the S-A node in addition to other incisions around the S-A node (but not completely isolating

6

it from the right atrium) induced coronary sinus rhythms
( 49) •
The existence of internodal pathways is supported
by more recent anatomical evidence of James (106, 111)·
and Meredith and Titus (149).

In addition to the tracts

described by Thorel and Wenckebach, James has described
a third internodal pathway which courses from Bachmann's
Bundle along the interatrial septum to the A-V node (105),
107).

James has termed these three internodal pathways

·as ant-~rior (James') , middle (Wenckebach' s) and posterior [Thorel's (115)].

The existence of internodal spe-

cialized pathways is denied by Lev (130), Copenhaver
(30), and Truex (215) who demand more strict definitive
anatomical evidence such as is provided by the Purkinje
cells in the ventricles.
However, recent functional evidence reconfirms
Eyster and Meeks studies of the internodal tracts.
Holsinger (99) transected the internodal pathways of
James and observed lengthening of the P-R interval.
Waldo (226, 227) likewise transected the internodal
tracts and noted that with S-A nodal pacing, the morphology of the P wave and P-R interval were changed.
Horibe (100), Sano (182), and Wagner (225) have
determined that the conduction velocity of the internodal

7
exceeds atrial muscle conduction velocity.

trac ts
more,

Further-

oeMello (43) and Hogan (97) utilizing transmembrane

t n tial recordings, have determined that the internodal

~e.

pathways are more resistant to hyperkalemia than atrial
muscle.

In addition, Goldberg (64) has shown that pace-

maker activity may arise in or near the internodal tracts
after

s-A

nodal excision.

internodal tracts

James has shown P cells in the

(110) which may account for localized

automaticity in or near them as observed by Goldberg.
Thus, the precise mode of conduction of the cardiac impulse from the S-A node to the A-V node has remained controversial for 60 years but the general increase of evidence favors the involvement of specialized
internodal tracts.
A~tivation

of the left atrium was described as

preferential through a specialized interatrial tract
described by Bachmann in 1916 (10).

More recently

Scherlag (189) has described an inferior interatrial
pathway located in the ligament of Marshall.

However

the functional and anatomical characteristics of this
pathway are challenged by neural components in the ligament of Marshall.

Activation of these neural components

could account for the inferior pathway evidence.

Fur-

ther confirmation of this tract and evidence for its

8

existence in the extrinsically denervated heart has not
been forthcoming.
The atrioventricular node was originally described

in l906 by Tawara (207).

Histologically the A-V nodal·

cells are smaller than contractile muscle cells and they
are densely interwoven (107, 187).

Utilizing the elec-

tronmicroscope, James (110) has described 4 cell types
in the A-V node:

P cells (as in the S-A node but not

as frequent), transitional cells, working myocardial
cells and Purkinje-like cells.
Scher (186), Van Capelle (19), and Durrer (46)
utilizing multiple simultaneous extracellular electrodes,
have determined the electrical conduction of the cardiac
impulse through the A-V node.

Conduction delay through

the A-V node seems directly related to the characteristics of the transmembrane potentials of the A-V nodal
cells (89, 181).

Hoffman has described decremental con-

duction in some A-V nodal cells (90, 93).
Utilizing,microelectrodes, Paes de Carvalho (20,
21) has described three functional regions in the rabbit
A-V node:

the AN, N, and NH.

These correspond to the

atrio-nodal junction, nodal cells with decremental conduction, and the nodal-His junction.

Histologically,

Anderson (6) has described distinct cellular zones in

9

bbit A-V node but others failed to find anatomical
the r a
.d nee of distinct A-V nodal zones in the mouse or man
ev~ e
(110, 209).

The blood supply to the canine and human A-V node
and His bundle has been described recently by Nadeau (158,
159 ) and Frink (53).

The area is supplied by the A-V no-

dal artery which arises from the distal left circumflex
artery and/or the septal arteries which arise from the
left anterior descending artery near its bifurcation with
the circumflex artery.

Isolation and perfusion of these

arteries has allowed selective stimulation or blockade
of the perfused node and His bundle (26, 113).
The bundle of His
described in 1893 (85).
way of cardiac impulse

(common bundle, A-V bundle) was
It constitutes the normal path-

cond~ction

from the A-V node to

the bundle branches and distal Purkinje system.

With

electronmicroscopy, James has studied the His bundle
and found that it consists of typical Purkinje cells
which are longitudinally separated by strands of collagen with few intercellular junctions (114).

This ana-

tomical structure of collagen separation implies electrical isolation of parallel fibers in the His bundle.
However, functional studies by Lazarra (126) indicate
transverse electrical association in the His bundle.
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That is,

selective stimulation of a His bundle fiber with

microelectrodes will spread throughout all the fibers of
the His bundle, .indicating little or no fiber isolation.
In addition to the His bundle various accessory pathways
have been anatomically described which may account for
Wolf-Parkinson-White syndrome (161, 242) and other ventricular pre-excitation syndromes.

The syndromes vary

in duration of PR interval and QRS duration (47, 129,
235).

The accessory pathways may connect the right atri-

um and right ventricle (Kent), the right atrium and His
bundle (James), and the His bundle and ventricles (Mahaim),
or the left atrium and ventricles (Ohnell)

(129, 212).

Whether or not these pathways are anatomically present in
all hearts, but functional only in certain conditions, or
only present in a few hearts, is unknown.
The genesis and mechanisms of cardiac dysrhythmias are generally divided into two concepts:
topic foci

1) ec-

(automaticity); and 2) re-entry (circus

rhythms or recip~ocal rhythms).

Electrophysiologic

studies have determined that the characteristic phase 4
type pacemaker potentials (automaticity) are present in
various areas of the heart (91).

This automaticity is

determined by the presence of progressively changing
depolarization (prepotential) and it has been found by

11
Trautwein (213) and West (237) in some S-A nodal cells.
In addition, Paes de Carvalho has found cells with prepotential in the· rabbit's internodal tracts (20) and
Hoffman (90, 95) has found prepotentials in some cells·
of the A-V node.

Purkinje fibers with prepotential have

also been described by Hoffman (91) and they are considered necessary for the bundle branch foci and ventricular foci described by Massumi (146) and Schamroth
(185).

Stable phase 4 (lack of automaticity) is found

in normal working myocardial cells of the atria and ventricles (91, 208) except possibly after acute infarct
(127).

Lazarra found that the insults of acute infarct

can induce automatic type action potentials in ventricular myocardium (127}.

The presence or absence of pre-

potential is determined by membrane characteristics related to ionic permeabilities.

Fozzard (52) and

Trautwein (214) state that the ionic permeabilities generally considered to be responsible are potassium permeability (a decrease of which increases automaticity)
and sodium permeability (an increase of which increases
automaticity).

Cranefield (36) has recently implicated

calcium permeability in automatic rhythms seen in so-.
diurn-free solutions.

In Purkinje fibers, the prepoten-

tial can be increased by increasing the extracellular

12
n be reduced b_v utilizing calcium current
calcium an d Ca
blocking agents such as Mn

++

, verapamil and apridine.

vassale has reviewed the two major controlling facf cardiac automaticity:
tors O

the autonomic nervous sys-

tern and overdrive suppression (222).

Norepinephrine li-

berated at sympathetic nerve terminals may increase sodium permeability, decrease potassium permeability and
lower threshold thereby increasing automaticity.

Acetyl-

choline liberated at parasympathetic nerve terminals may
increase potassium permeability, decrease sodium permeability and raise threshold thereby decreasing automaticity (198, 208).
Frequency-dependent inhibition relates the inverse
relationship of pacing rate to the first spontaneous depolarization following the pace termination.

Overdrive

...

suppression (or frequency-dependent inhibition). of atrial pacemakers by the S-A node may be due to acetylcholine release (.239).

The mechanism of overdrive suppres...-

sion in ventricular pacemaker cells is unknown but may
depend upon the sodium pump and the potassium and sodium
distributions across the cell membrane with various
pacing rates (168, 222).
Most automatic cells however are only potential
pacemakers since their phase 4 depolarization usually

13
.
to reach threshold orE critical. This failure is
fa:L 1 s
interruption of phase 4 by conducted impulses which
due to
.
arose from an automatic cell with a faster phase 4 depolarization and/or lower threshold (198, 233).

The p

cells of the S-A node have the lowest threshold potentials and most rapid depolarizing prepotentials and
therefore are the normal cardiac pacer, i.e., the cells
demonstrating the most automaticity (213).

However, in

the absence of the S-A node the second dominant pacemakers are found near the coronary sinus (64, 194).
Goldberg found that the posterior internodal tract (PIN)
and His bundle regions accounted for about 90% of the
automatic foci after S-A node excision.

These foci and

anterior internodal tract (AIN) foci were also under
sympathetic control (64).

Sealy found that after S-A

node excision, coronary sinus rhythms were usually established (194).

This coronary sinue rhythm coincides

with Goldberg•s PIN rhythms.

Bundle of His rhythms,

PIN rhythms, and coronary sinus rhythms might all be
classified generally as A-V junctional rhythms.

Uti-

lizing perfused S-A nodal and A-V nodal arteries,
Urthaler (217) was able to depress or excite the S-A
node and A-V node.

He found the rate of A-V nodal

rhythms are approximately 66% of the control sinus

14
rate;

thUS confirming similar results of Eyster and Heek

(49) •

Definitions of coronary sinus rhythms, A-V nodal
rhythms and junctional rhythms vary tremendously between
authors and considerable controversy exists regarding the
site(s) of origin of these rhythms.

Traditionally, Zahn

( 24 3) utilizing electrocardiograms, differentiated three
A-V nodal rhythms, designated upper, middle, and lowe-r.
However, recent thorough reviews concerning junctional
or A-V nodal rhythms by Hiejima (82), Rosen (176),
scherlag (190), and Waldo (228) have clarified Zahn's
categories.

Utilizing local bipolar electrograms, Zahn's

upper A-V nodal rhythms could more correctly be designated as coronary sinus rhythms or posterior internodal
tract rhythms.

His bundle electrograms have indicated

that some of Zahn's lower A-V nodal rhythms might more
correctly be termed His bundle rhythms

(39).

It is

probable that any number of rhythms can exist depending
upon both the P cell distribution in the lower right
atrium and A-V node and the discreteness of activation
or suppression of these cells by coronary perfusion or
nerve stimulation.
Re-entry of a cardiac impulse has long been implied as a possible mechanism in the genesis of

15
arrhythmias.

Reciprocating rhythms were observed experi-

mentallY in 1913 and clinically in 1915 (230) and an extensive analysis of these rhythms was published by Scherf
and Cohn (187).
Most re-entrant rhythms are considered to involve
the A-V node and Moe's suggestion of dual A-V nodal pathways (154)

is

cited as their basis (155, 230}.

How-

ever, atrial re-entrant pathways are also postulated by
James in the internodal pathways of the right atrium
(106).

Recently, Wit and Cranefield have experimentally

proven re-entrant circuits can exist in canine Purkinje
systems exposed to high potassium and epinephrine (34,
241).

Whether such conditions can ever occur near in-

farcted areas is questioned by Cranefield (33) and Han
(75}.

Re-entry has become an established explanation

for many arrhythmias with coupled beats (37, 63, 73,
184) as well as a postulated mechanism of ventricular
fibrillation (35, 206).
The mechanism of re-entry is described as follows:

the necessary factor for the establishment of a

circus loop or circuit is an area of refractory tissue
which initially fails to respond to an impulse propagating
in one direction [unidirectional block (33), monodromia
(193)].

This area may recover its excitability in time

16
to ace ep
oppo

t re-entry of the same impulse returning in the

site direction.

The continuous circus movement would

be possible only when an area of tissue is recovered from
excitation by the time the next excitation reaches it,· so
that an excitable g~p of tissue always exists

(74).

A

re-entry circuit can also be established if propagation
of an impulse in one area is slow enough to permit other
areas to recover from the initial response and be re-entered by the slowly emerging impulse.

The re-entrant im-

pulse may, in turn, re-excite the area of slow conduction
to complete a circus loop.

Intermittent re-entry may ac-

count for an occasional extra-systole or an established
circuit may underlie a tachydysrhythmia, leading perhaps
to fibrillation (2, 75).
The genesis of either re-entrant arrhythmias or
ectopic foci arrhythmias are unknown, but the autonomic
nervous system might be an underlying or contributing
factor.
The influence of the nervous system upon the heart
has been clearly recognized for centuries and was reviewed by Hoff (88).

The terminal innervation of the

autonomic cardiac nerves has been studied anatomically
and functionally.

The gross anatomy of the cardiac

nerves was usually mentioned in passing as specialized
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. c structures were identified, hence both Tawara
car d ~a
(
) and Kieth and Flack (122) identified nerves near
207
the A-V and S-A nodes. Morrison (156) and Nonidez (163)
further described the anatomy of the cardiac nerves.
More recently Anderson utilizing histochemical techniques has described the cardiac innervation of the
guinea pig specialized conduction tissue (7).
the electron microscope, James

Utilizing

(109), Kawamura (120),

and Thaemert (209) have further elucidated the intricate details of the cardiac innervation.

Thaemert, in

particular, has the most detailed descriptions and
thorough studies of the two week old mouse A-V node.
He has found intimate contact between vesiculated nerve
processes and nodal cells which vary in extent from profuse innervation in the posterior and lateral portions
of the tail of the node to lack of contact with many
cells in the medial and anterior portions.

The func-

tional significance of these innervation patterns is
speculative.
Functional evidence of gross anatomic cardiac innervation has been known for many years and early work

by Cohn (28), Hunt (102), Lewis (136), and Schlomowitz
(192) has differentiated gross S-A and A-V innervation
Patterns.

The course of the individual cardiac nerves
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to the various chronotropic (150-153), dromotropic (42,

56, 13 4 '
areas

165, 169, 240) and inotropic (121, 172, 232)

of ·the heart has only recently been elucidated.
In general there is rich sympathetic innervation

to the s-A and A-V nodes and atrial and ventricular myocardium which augments inotropic, chronotropic, and dromotropic mechanisms.

There is also rich parasympathetic

innervation to the S-A and A-V nodes and atrial myocardium with relatively minor innervation of the ventricular
myocardium.

Parasympathetic stimulation generally de-

presses chronotropic, dromotropic, and inotropic mechanisms (83) although a biphasic action of acetylcholine
has been reported by Hollenberg (98).

With the electron

microscope, James (114) demonstrated anatomical

innerva~

tion of the His bundle, bundle branches, and Purkinje
system but nerve stimulations by Priola (170) and acetylcholine infusions by Varghese (220) had insignificant effects upon the H-V interval of His bundle electrograms.
According to Burnstock, purinergic fibers have not been
demonstrated to innervate the heart (18).
A neural genesis for some arrhythmias has been
Postulated for years

(95, 231), but discussion of the

role of the autonomic nerves in clinical arrhythmias
is frustrating in the separation of cause and effect
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relationship (1).
one hundred years ago, Shiff (191) and Danilewsky
( 4 0) reported that stimulation of the canine cortex caused
cardioacceleration independent of blood pressure changes.
Within 50 years evidence was accumulating which implicated higher levels of the central nervous system in cardiac control (86).

Since then numerous brain stimulations

have induced tachycardias, bradycardias, and dysrhythrnias.
Most of these stimulations however, were not discrete and
current spread made definite identification of activated
(or inhibited) anatomical counterparts impossible (86,
145).

In 1963, Hoff (87) reviewed the supramedullary

cortical regions which influence the heart.

Virtually

all brain levels and structures including the

diencepha~

Ion (143), mesencephalon (139), reticular activating systern and limbic system (86) effect the heart rate and

rhythm.

In addition to experimental electrode stimula-

tion, various brain levels can be activated or suppressed
r

by increased intracranial hemorrhage (199).

This in-

creased intracranial pressure will induce various cardiac dysrhythmias by alteration of cardiac autonomic
tone.

The central nervous system effects on the heart

may be mediated by the vagus nerves
tic nerves

(83) and/or sympathe-

(51, 166), however, Manning has found that
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reproduction of the CNS induced dysrhythmias requires simultaneous stimulation of the vagi and sympathetic nerves
(144}.
Elaboration of the complex cause and effect relationships of arrhythmias and the autonomic nerves, can
be found in experiments relating coronary occlusion, incidence of arrhythmias, and autonomic participation (48).
Gillis (61), Harris (77), Khan (123), and Sugimoto (205)
have all reported instances of autonomic hyperactivity
after coronary occlusion or increased incidence of arrhythmias after coronary occlusion and sympathetic stimulation.

Furthermore, surgical ablation of the sympa-

thetic pathway and/or vagi decreased the incidence of
~rrhythmias

after coronary occlusion (61).

Pharmaco-

logic blockade of the autonomic nerves with propranolol
and atropine has also decreased the incidence of arrhythmias after coronary occlusion (77, 123, 195, 205).
Goldstein (65) and Corr (31) however, did not find pro-,
tection from arrhythmias after coronary occlusion with
atropine administration.
In view of the many intra-thoracic cardiac reflexes, such as the baroreceptor and chemoreceptor reflexes and others reviewed by Heymans and Neil (81),
Stephensen (204), and Shepard (196), it is probable that
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·ac dysrhythmias might result through activation of
car d 1
these re fl e xes • The cardiac dysrhythmias associated with
coron ary

occlusion and infarct could result from stimula-

tion of chemoreceptors or tension receptors (9, 196) in
the various cardiac chambers.

The afferent fibers of

these tension and chemoreceptors have been shown by
Armour (9) to course in the autonomic cardiac nerves.
The reflexes elicited by the receptor activation may alleviate or further aggrevate the dysrhythmia by further
autonomic activation.

The major hemodynamic consequence

of cardiac dysrhythmias is usually decreased cardiac output due to rate and stroke volume irregularities (80,
179).

This decreased cardiac output will result in re-

flex cardiovascular effects which maintain blood pressure (81).

These cardiovascular reflexes will alter car-

diac autonomic tone which in turn, may aggrevate or alleviate the dysrhythmia.
Pharmacologic prevention or termination of cardiac dysrhythmias often requires the use of alpha and
beta adrenergic blocking agents as well as the muscarinic
cholinergic blocker, atropine.

Furthermore, antiarrhyth-

mic agents have various potentiating or blocking effects
on the autonomic nervous system {68).

The combined use

of a neural blocking agent with an antiarrhythmic agent
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is becoming more common (173, 177).

All these pharmaco-

·c treatments imply some degree of autonomic particil09'l.
pation in the genesis and/or continuation of cardiac dysrhythmias.
Pharmacologic antiarrhythmic agents can be classitied into two to four groups.

Vaughn Williams (223)

discriminates between the ability of a drug to decrease
the action potential amplitude and the maximum rate of
rise of phase O, to cause sympathetic blockade, to increase the duration of the transmembrane action potential, or to modify a postulated inward calcium current
which is activated during depolarization.

Gettes

(58)

on the other hand, classifies agents into those that
remove or prevent the factors responsible for the electrophysiologic abnormality underlying an arrhythmia;
those that enhance the effects of acetylcholine either
by increasing parasympathetic effects or decreasing
sympathetic effects; and those that directly alter the
electrophysiologic properties of cardiac cells.

Finally,

Rosen (177) simply divides agents into those that depress conduction and responsiveness and those that do
not depress and which might improve conduction and responsiveness.

Due to the complex parameters and ionic

mechanisms underlying an ·.action potential, the mechanisms
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inVO l

ved in the genesis of an arrhythmia, and the com-

pleX respons e
tions,

s of drugs at various doses and cornbina-

Rosen's classification is probably too simple.
oue to the overlapping of drugs in more than one

qroup,

Gettes' three classifications are misleading.

For example, propranolol may block hyperactivity of the
sympathetic nerves to the heart which may be inducing
an arrhythmia, also release vagal tone, and finally have
direct membrane effect upon electrophysiologic characteristics of the cardiac cell (41); it would therefore satisfy all three classifications.

If bretylium

and propranolol are excluded from Gettes group 3,
leaving quinidine, procainamide, lidocaine, diphenylhydantoin and potassium salts, then all group 3 drugs
have the ability to suppress prepotential and shift
the phase 4 level from which a premature response can
originate, thus increasing the rate of depolarization
of the premature response.
Vaughn Williams' classification (223) although
not perfect is most widely accepted.

It is heavily

oriented towards re-entrant arrhythmias and requires
new classifications for drugs which act against a specific ionic current.

One such new class of drugs spe-

cifically suppress Ca++ currents and therefore depress
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the ac

tion potential plateau (i.e. verapamil)

(36).

Williams' classification as well as those by Rosen
vaugh n
and Gettes, disregards drug interactions when multiple
agen t

s are administered.

These interactions may move

a

drUg from one class to another, thus making classification, l.·n this instance, useless.
In general, pharmacological antiarrhythmic agents
can effect automaticity in pacemaker cells by decreasing
the slope of phase 4 depolarization, and shifting threshold toward zero {198, 208).

Quinidine and procaine-

amide {234, 238) and some beta blocking agents (41, 96)
can act to decrease the slope of phase 4 in pacemaker
fibers through direct membrane and/or indirect neural
effects (58, 198).

In non-pacemaker fibers, quinidine

and procainamide decrease the rate of action potential
phase 0 (58, 91).

Threshold voltage may be raised

towards zero and phase 3 lengthened in atrial and ventricular myocardial cells with quinidine and procainamide (15, 57).

Both drugs decrease conduction in the

atria, A-V node and ventricles

(15) •

Quinidine adminis-

tered via the S-A nodal artery by James has been shown
to exhibit both antiadrenergic and anticholinergic ef-

fects ( 112) •
Antiarrhythmic agents can effect excitability and
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·

conduct~ on

repo 1 a

in three ways:

alteration of action potential

rization, duration, and refractoriness; alteration

betwee n

membrane potential and threshold; and alteration

of the level of diastolic potential during phase 4 depolarization (198, 208).

Propranolol in addition to its

beta blocking activity causes specific alterations in
the electrical activity of myocardial cells (173).
Davis, using single fiber studies, has found that propranolol (in low doses) presents epinephrine induced
diastolic depolarization in Purkinje fibers but had no
other changes on action potential characteristics (41).
In higher doses propranolol may effect the maximal rate
of phase 0 and action potential amplitude in ventricular fibers but not effect action potential duration or
refractoriness (29, 41).
Propranolol and practolol in beta blocking doses
have been effective in terminating ·post-stimulatory atrial flutter in the dog.

Beta~receptor

stimulation is

further indicated in the mechanisms of this post-stimulatory arrhythmia since catecholamine depleted hearts
(reserpinized) could be made to sustain atrial flutter
only during catecholamine infusion (140).
Lidocaine is the most frequently used drug for
Ventricular arrhythmias

(13, 59, 60, 69).

It has minimal
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effects on intra-atrial, His-Purkinje, and intraventricular conduction times, although A-V nodal conduction may
be slowed, not by a direct action of lidocaine upon A-V
nodal fibers, but due to an increase in parasympathetic
tone (11, 14, 117, 138, 174).

Lidocaine and propranolol

have been administered in patients with pre-excitation;
lidocaine depressed the accessory pathway conduction,
whereas propranolol depressed A-V nodal conductions.
Either drug could therefore effect re-entrant tachycardia in patients with this syndrome by depressing a part
of the circus route (175, 177).
Furthermore, lidocaine can suppress automaticity
in cardiac Purkinje fibers by increasing the potassium
conductance of the sarcolema but not altering the threshold level (15).

Bigger has shown that lidocaine shor-

tens action potential duration and refractoriness in
Purkinje fibers and ventricular muscle but has little
effect on atrial tissues (13, 14).

An additional anti-

arrhythmic property of lidocaine might be its neural
anesthetic properties (68).

Spear has shown lidocaine

to be beneficial in increasing ventricular fibrillation
threshold and in reducing arrhythmias follov1ing coronary
artery occlusion (202).

Both ventricular fibrillation

threshold and incidence of arrhythmias following coronary
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occlusion are altered by changes in sympathetic tone (62,

72, 77' 142).
Tetrodotoxin, the poison of the puffer fish
(Spheroides maculatus), has been shown to block neural
conduction by .inhibition of fast sodium channels (119).
At low doses (1-3 micrograms) tetrodotoxin administered
via the A-V nodal artery can abolish vagal and cardiac
nerve effects on the A-V node but not directly affect
A-V nodal conduction (103, 219).

At higher doses

(10

micrograms) however direct effects of tetrodotoxin upon
cardiac cells occur (103, 219).

The antiarrhythmic ef-

fects of tetrodotoxin to nerve stimulation (219) and
aconitine may be related to its cardiac (101) and/or
neural (103, 219) effects.

CHAPTER III
MATERIALS AND METHODS

The methods used in this study are described in
two sections which correspond to the experiments in
which:

1) neurally mediated tachydysrhythmias are in-

duced, analyzed, and treated pharmacologically; and 2)
vagally mediated bradydysrhythmias are induced and
analyzed.
I.

A.

Induction of Tachydysrhythmias

Thirty-four mongrel dogs of either sex weighing
approximately 20 kg were sedated with phencyclidine hydrochloride (SernylanR, Bio-Ceutic Laboratories, Inc.)
2 mg/kg I.M. and anesthetized with alpha-chloralose
{Establissment Kuhlmann) 60-80 mg/kg I.V.

{25, 32, 128).

Positive pressure respiration was maintained with
a Bird Mark 7 respirator and a bilateral thoracotomy
through the 4th intercostal space was performed.

The

pericardium was incised, the heart exposed and suspended
in a cradle fashioned from pericardium.
28

Regional
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myocardial contractile forces were measured with WaltonBrodie strain gauge arches.

Either unipolar (an elec-

trode mounted in a base of a strain gauge) or bipolar
(Priola tripolar plaque to be described later) electrodes
were sutured onto the atria and ventricles for local cardiac electrograms.
Cardiac tachydysrhythmias were induced by electrical stimulation of the ventrolateral cardiac nerve
(VLCN).

The VLCN is a large nerve which originates at

the junction of the anterior ansa and left caudal cervical ganglion; it courses towards the heart parallel
and lateral to the left thoracic vagus.

The parallel

course of the VLCN with the thoracic vagus and other
sympathetic nerves allows for rich interconnections
between the VLCN and these nerves (151, 153).

The VLCN

divides into several branches coursing along the ventral surfaces of the aortic arch and the pulmonary artery to enter the pretracheal, aortic and coronary
plexuses (Figure 1).

A large lateral branch descends

to penetrate the pericardium above the left superior
pulmonary vein to supply the left atrium and left ventricle.

It further courses along the coronary sinus to

supply the right atrium.

This innervation pattern may

be based on embryological changes of the left superior
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FIGURE 1
SCHEMATIC ANATOMY OF THE
VENTROLATERAL CARDIAC NERVE (VLCN)

VLCN
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FIGURE 1
LEGEND

Schematic representation of the ventrolateral
cardiac nerve (VLCN) as it courses in the thorax to the
heart; schematic representation of electrical stimulation sites along the nerve and locations of the strain
gauge arches.
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vena cava into the coronary sinus.
Electrical stimulations were with a Porter electrode and Grass Model SS square wave stimulator at 10 Hz,
5 msec duration and voltages ranging from 0.5 to 8.0
volts (parameters monitored with a Hewlett-Packard
120 B oscilloscope).

In a few initial experiments, fre-

quency and duration were varied but the induced tachydysrhythmias were independent of these stimulation parameters.
In one group of dogs, mechanical and electrical
events were recorded from multiple sites of the epicardial surface during VLCN stimulation.

In these dogs,

a lead II ECG was recorded along with force and/or unipolar electrical recordings from the right and left
atria, right ventricular sinus (inflow) and conus

(out-

flow), and left ventricular anterior, anterolateral,
posterolateral and posterior surfaces.

Selected record-

ings were made in each dog with an Offner 8 channel Dynegraph.
In a

seco~d

group of dogs, bipolar electrodes

were sutured over the S-A node, over the anterior and
posterior internodal pathways, and on the epicardial
surface of the left atrium, right ventricular conus and
anterior left ventricle.

Strain gauges were also su-

tured onto atria and ventricles.

Atrioventricular
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blockade was acutely created in 6 dogs by injection of
o.l to 0.4 ml of phenol at the distal interatrial septum near the A-V node.

Four dogs were placed upon total

cardiopulmonary bypass and additional bipolar electrodes
sutured over the middle internodal pathway, A-V node
and right bundle branch (detailed in following section).
Atrioventricular blockade was created in these dogs by
a small surgical incision at the right atrium - upper
ventricular septum junction, near the distal A-V node.
In a final group of four dogs, reserpine
(SandrilR, Lilly) was administered in two doses of 0.3
mg/kg I.M. over a 2 or 3 day period (17, 116).

Atrial

and ventricular electrograms and force recordings were
also recorded in these dogs.

The criteria for effec-

tive reserpinization were lack of rate or force augmentation with

su~ramaximal

stellate stimulation.

·All the

hearts from reserpinized dogs were analyzed for tissue
catecholamines using the extraction method of Anton (8),
and the assay method of O'Hanlon (164).

Minimum levels

of catecholamines that can be detected by this method
are in the range of 0.01 pg/g wet tissue.

All ade-

quately reserpinized dogs had cardiac tissue levels below this minimum.

(Analyses generously performed by

Dr. D. Priola, Department of Physiology, University of
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NeW Mexico) .
B.

Analysis of Tachydysrhythrnias

Acute experiments were performed in 15 open chest
mongrel dogs of either sex weighing approximately 20 kg.
Anesthesia was induced with phencyclidine HCl and a-chloralose in 13 dogs or sodium pentobarbital (Holmes Serum
co.) 30 mg/kg in 2 dogs.
All dogs were maintained under positive pressure
respiration until total cardiopulmonary bypass was instituted.

The bypass technique involved cannulation of

the extrapericardial, intrathoracic inferior vena cava
and cannulation of the superior vena cava via the azygous vein for venous drainage.

Following oxygenation,

the blood was returned to the animal through a Sarns
Model 1400 pump via a catheter in a femoral artery.

The

coronary sinus outflow was returned to the pump by a
sucker and left ventricular drainage collected and returned to the pump from a catheter inserted through the
left ventricular, apex.

The blood was oxygenated with

100% oxygen in a Travenol miniprime bag (each bag used

for 4 or less experiments) and passed through a heat exchanger at 37°C before being returned to the dog.
o~1genator

The

bag was primed with 1 liter of Hartmann's so-

lution (lactated Ringers with 5% dextrose, Travenol Co.)

'!
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in wh
was d

ich S0-60 grams of dextran {M.W. 40,000, Sigma Co.)
issolved.

This addition of dextran to the hypo-os-

artmann's solution increased osmolarity, elimiJDC)tic H
nated excess fluid loss to the extravascular space, and

had n 0

noticeable effect upon induced tachydysrhythrnias.

·pump output was maintained with this solution at 1.0 to
• L/min. Experiments lasted approximately 2-4 hours
1 5
with no changes in tachydysrhythmia induction. Maintenance of cardiac bypass throughout the experiment eliminated reflex autonomic discharges to the heart due to
changes in peripheral blood pressure from induced tachydysrhythmias.
For recording electrical activation "Priola"
tripolar plaque electrodes were utilized (as in part I).

file plaques were made of dental acrylic in which 3 tef-lon coated 30.0 gauge silver wires were embedded.

The

tips are triangularly spaced 1.0 rom apart and any two
could be chosen for recording local activity.

The con-

tiguous electrodes r••very near but not in contact"

(76)]

Were sutured over the S-A nodal area, the area over the
anterior internodal pathway at the superior margin of
the interatrial septum (Bachmann's Bundle), the area
over the middle internodal pathway at the limbus of the
fossa ovalis, the area over the posterior internodal
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pathway between the coronary sinus and the A-V ring just
medial to the Eustachian ridge, on the A-V junctional
area midway between the middle and posterior internodal
electrodes (Figure 2), at the base of the right ventricular papillary muscle near the right bundle branch, on
the left atrial appendage and on the left and/or right
ventricular epicardium.

All sutures were placed parallel

to muscle fiber orientation so that minimal damage occurred to conduction pathways (99, 106, 111, 149).
Activation of and transmission through the A-V
node was assessed with a His bundle electrogram.

A

Hoffman type plaque electrode with 5 teflon coated 30
gauge silver wires arranged in X fashion was sutured
over the A-V node.

The 2 pick-up points over the dis-

tal A-V node which recorded the sharpest His deflection were used

O,

4, 94).

The shape and amplitude of

the His deflection varied between animals and depended
upon electrode contact and placement (183).
The His bundle electrogram is composed of 3 depolarizations.

The first component represents activa-

tion of the low right atrium.

This "A" component is

usually large (approximately 5-10 mv) and 30 to 50 msec
in duration.

The second component "H" is small in am-

plitude (approximately 1-5 mv) and short in duration

i

!I
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FIGURE 2
SITES OF RIGHT ATRIAL ELECTRODE PLACEMENT

I

Sites of right atrial electrode placement. AIN =
anterior internodal pathway; AVJ = atrioventricular nodal junction; HIS = bundle of His; IVC = inferior vena
c ava; MIN = middle internodal path~vay; PIN = posterior
i nternodal path\vay; RA = right atrium; SA = sinoatrial
nede; SVC = superior vena cava.
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(approximately 10 msec).

The frequency of this sharp His

deflection is between 80-120 Hz (E. Neil Hoore, personal
communication).
dle.

It represents activation of the His bun-

The A-H subinterval is considered to be the best·

measure of A-V nodal conduction (38).

Control values

for the A-H interval in man are 92 + 32 msec (22, 44,
79).

Canine values are approximately 20% shorter than

human A-Hand H-V intervals (54, 64).

The third compo-

nent represents activation of upper ventricular septum.
This "V" component is slightly larger and longer than
the "A" deflection.

The H-V subinterval is considered

the best measure of Purkinje-myocardiurn conduction
(38).

Control values for the human H-V interval are

44 + 12 msec (22, 125).

All amplitudes, frequencies

and durations of the His bundle

elect~ogram

are influ-

enced by amplifier filtering and electrode placement
(92, 188, 221)

0

Verification of the His component of the His bundle electrogram was made by:

a) surgical destruction

of the His bundle and subsequent loss of the H component
with A-V dissociation; b) injection of acetylcholine into the A-V nodal artery and subsequent increase in A-H
interval; or c) electrical stimulation of the cervical
vagus and subsequent increase in the A-H interval
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(increased A-H interval reflects decreased A-V conduction velocity}.
Electrical activity was amplified with either
Grass model P511 or 7P5 preamplifiers.

For the P511

preamplifiers, the 1/2 amp, low frequency setting was
o.l Hz and the 1/2 amp high frequency setting was 30.0
KHz.

The 1/2 amp low frequency setting for the 7P5

wide band EEG preamps was 0.15 Hz and the 1/2 high frequency setting was 35 KHz.

These settings represent

minimal filtering of the signals and allow passage of
virtually all signal waves (92, 188}.

Ninety percent

or greater of all signal amplitudes between 0.5 Hz
and 5.0 KHz are permitted with these filter settings.
The amplified electrograms were recorded on frequency
modulated magnetic tape in the direct mode on a Precision Instrument Model 6100 eight channel tape recorder.
One channel of the tape was for voice identification.
The 7 channels of data were played back through a
Tektronics 565 opcilloscope and photographed with a
Grass C-4N Kymograph camera at a film speed of 250 mrn/
sec.

The use of a tape recorder introduces a minor at-

tenuation of the electrogram morphology and amplitude
but does not affect the time of initial defelction of
the electrograms from the isoelectric line (Figure 3}.

I

i

I
1

i!

II

40

FIGURE 3
CONTROL DEPOLARIZATION SEQUENCE

CONTROL
~

h
v
~
HIS --'\1~·~\/· v--BA~'·

I

•
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PI N
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--::a:---.~~~~

t\ ~---------..._______

: 1\\/---~__.,._
.,.V''
--/\../'-_...........__,___ _
·~

~ ~~-----------

100 MS
Control depolarization sequence. a = lower right
atrial activation; h = bundle of His activation; RBB =
base of the right ventricular papillary muscle over the
right bundle branch; v = ventricular activation. Other
abbreviations as in Figure 2.

41
Therefore, for timing purposes and determination of the
anatomical and/or functional pacemaker location, the

initial deflection from isoelectric line was utilized
(137, 180, 200, 201).
In two dogs, partial chemical sympathectomy was
performed by 2 inter-muscular injections of reserpine
(0.3 mg/kg) 1 to 8 days before the acute study and 1
intravenous dose (0.5 mg/kg)

3 hours before the study.

In three other dogs, upper thoracic sympathectomy was
performed by surgical removal of both stellate ganglia,
together with partial removal of the caudal cervical
ganglia, 38 and 90 days before the study (232).

Cate-

cholamine content was decreased to approximately 10-20%
of control and confirmed the partial sympathectomy.
In this series of dogs, the tachydysrhythmias
were induced by electrical stimulation of the pericardial VLCN with Grass model SS or SD9 stimulators.
Utilizing the multiple local electrograms and His bundle electrogram,, the type of tachydysrhythmias induced
and pacemaker location were determined.
I.

c.

Pharmacology of VLCN Tachydysrhythmias

Attempts to pharmacologically block the VLCN induced tachydysrhythmias were made but were largely unsuccessful.

The following neural and cardiac agents
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(6 8) were systemically administered:
1.

Adrenergic Blocking Agents

a.

propranolol

b.

practolol

1.5 mg/kg (ICI - AY21011)

c.

tolamolol

0.5 mg/kg (Pfizer)

d.

phentolamine

e.

phenoxygenzamine

0.1 to 0.5 mg/kg (Sigma Co.)

1.0 mg/kg (RegitineR, CIBA)
0.25 to 4.5 mg/kg (DibenzalineR,

SKF)

2.

Cholinergic Blocking Agents

a.

atropine

b.

hexamethonium

3.

Antiarrhythmic Agents

a.

lidocaine

b.

procaine amide

c.

quinidine

d.

digoxin

e.

diphenylhydantoin

f.

bretylium

g.

guanethidine _1.0 mg/kg (IsmelinR, CIBA)

.05 to 3 mg/kg (Merck)
1.0 mg/kg (K + K Labs)

0.2 to 2 mg/kg (Astra)
0.5 mg/kg (Squibb)

1.0 to 20.0 mg/kg (Lilly)
25.0

~g/kg

(Burroughs-Wellcome)
5 mg/kg (Parke-Davis)

10 mg/kg (Burroughs-Wellcome)

It is possible that sufficient drug concentration
may not be achieved at the VLCN - myocardial junction,
therefore, the following agents were administered via
the A-V nodal artery in 0.1 to 1.0 ml of solution:
a.

propranolol

0.1 - 2.0 mg
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atropine

0.1 - 2.0 mg

-

2

c.

phenoxybenzamine

d.

lidocaine

0.2

e.

quinidine

8 - 80 mg

f.

diphenylhydantoin

g.

bretylium

h.

digoxin

-

5 mg

20 mg

25 mg

0.2 mg
2.5 mg

The A-V nodal artery is isolated from the circumflex coronary artery according to James (113).

In the

dog the blood supply to the A-V node and His bundle is
from two directions, the anterior and posterior margins
of the interventricular septum.

Posteriorly, a small

branch leaves the left circumflex coronary artery near
the ostium of the coronary sinus and courses forward
between the atrial and ventricular septa to penetrate
the posterior margin of the A-V node.
node artery.

This is the A-V

Cannulation of the A-V node artery may be
:I

accomplished via a midline incision, a right intercostal incision, or, a left intercostal incision, and each
approach has its advantages.

The midline incision per-

rnits easier cradling of the heart in the pericardium
without the motion produced by an underlying lung, and
also permits dissection and cannulation of the septal
artery or the sinus node artery as well if so planned.
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A left intercostal incision exposes the distal portion
of left circumflex artery optimally, but neither the
septal artery nor the sinus node artery can be reached
satisfactorily from this exposure.
incision permits

expos~re

A right intercostal

of both the distal left cir-

cumflex artery and direct exposure of the sinus node
artery (113).
In the experiments reported here, the A-V nodal
artery was cannulated with a 22 gauge polyethelene catheter during ventricular fibrillation (systemic pressure maintained by the bypass pump).

Verification of

the A-V nodal artery is accomplished by injection of 1
to 10 mg of acetylcholine which results in transient
~eart

block when the node is perfused (27, 113).
The canine septal artery is a constant large

single vessel which is a branch of the left anterior
descending coronary artery.

Both the A-V node artery

and the septal artery perfuse a significant amount of
ventricular myocardium.

It is impossible, therefore,

to produce local chronotropic or dromotropic effects in
the node or bundle with this method of cannulation without the simultaneous perfusion of some ventricular myocardium (113).

India ink perfused into the cannula at

the end of each experiment visually verified the area
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perfused.
Tachydysrhythmias were induced in these dogs by
electrical stimulation of the pericardial VLCN.

Local

electrograms, His bundle electrogram and lead II ECG
were amplified with 7P5 or P511 Grass preamplifiers
and optical galvanometers (Telex 120B-5K, F5.5) driven
by operational amplifiers

(Motorola MCH2870CR).

The oil

damped galvanometers were individually cerfitied to
faithfully respond up to 3.0 KHz.

Recordings were made

on photographic film with a Midwest Optical Oscillograph
(Model 591).

Six to twelve channels of data were re-

corded with Priola bipolar electrodes especially concentrated about the A-V nodal area.

Paper speed was 264

or 206 mm/sec.
II.

Neurally Induced Bradydysrhythmias
Acute experiments were performed on twelve mon-

grel dogs of either sex weighing approximately 20 Kg.
Anesthesia was induced with phencyclidine HCl and a-chloralose.

Following bilateral thoracotomy, contiguous bi-

polar silver electrodes (Priola type) were sutured onto
the epicardium over the S-A nodal area, the area over
the anterior internodal pathway, the posterior right
atrium near the ostium of the coronary sinus, the left
atrium, and on the left and right ventricles.

While on
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total cardiopulmonary bypass (10 dogs), or inflow occlu-

sion (2 dogs), electrodes were sutured onto the endocardial surface over the area of the middle internodal pathway, the area of the posterior internodal pathway, and
the base of the right ventricular papillary muscle near
the right bundle branch (64).

A Hoffman plaque elec-

trode with 5 pick-up points was sutured over the caudal
end of the A-V node to record the inferior atrial electrical activity, His bundle electrogram, and upper ventricular septal electrical complex.

Sutures for all

electrodes were placed parallel to cardiac fiber orientation so minimal damage occurred to the conduction pathways.

Electrical activity was amplified with Grass Model

7P5 wide band AC EEG preamplifiers and recorded on photographic film with a Midwest Optical Oscillograph.

Thus,

7 local electrograms plus lead II ECG were recorded in
all animals.

The left and right thoracic vagi were care-

fully dissected from the mediastinal pleura between the
level of the superior pulmonary vein and a point just
caudal to the caudal cervical ganglia.

Cardiac dys-

rhythmias were induced by electrical stimulation (Grass
Stimulator Model SD9) of the left and right thoracic
vagi and their small branches (150, 152).
In most dogs efferent and afferent, left and right
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stimulations were performed; however, in some dogs only
left, only right, or only efferent stimulations were
performed.

In 9 of 12 dogs, the left thoracic small

vagal nerves were stimulated prior to cervical vagotomies,
and in 8 of 12 dogs following cervical vagotomies.

In 7

of 9 dogs, the right thoracic small vagal nerves were
stimulated prior to cervical vagotomies, and in 6 of 9
dogs following cervical vagotomies.

Stimulation param-

eters were 20 Hz, 5 msec duration, 4 volts (monitored
on a Hewlett Packard 120B oscilloscope).
The bradydysrhythmias induced are vagosyrnpathetic

in origin and not necessarily parasympathetic since no
adrenergic blocking agents were employed to separate sympathetic and parasympathetic components of the vagal fibers (133).

The combination of parasympathetic pre-

ganglionic fibers and sympathetic postganglionic fibers
in the dog occurs at the caudal cervical ganglion and
activation of nerves distal to this ganglion must be considered mixed vagosympathetic trunks (133, 172, 232).

,1'
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CHAPTER IV
RESULTS

The results are presented in two general sections.
The first section deals with neurally induced tachydysrhythmias divided into:

a) induction of

tachydysrhyth~

mias with VLCN stimulation; b) analysis of VLCN tachydysrhythmias; and c) pharmacological studies of VLCN
tachydysrhythmias.

The second section deals with

neurally induced bradydysrhythmias divided into:

a)

direct and reflex bradydysrhythmias with stimulation
of left thoracic vagal nerves; and b) direct and reflex bradydysrhythmias with stimulation of right thoracic vagal nerves.
I.

Neurally Induced Tachydysrhythmias

A.

Induction of Tachydysrhythmias with VLCN
Stimulation
In 6 dogs, cardiac responses of regional contrac-

tile force and heart rate to electrical stimulation of
the ventrolateral cardiac nerve (VLCN) were made at
48

49
varying electrode placements along the thoracic course
of the VLCN.
Figure 4.

A typical series of results are seen in

This Figure illustrates recordings of re-

gional contractile force from 7 different epicardial
surfaces, together with a lead II ECG (turned off during nerve stimulations due to electrical interference).
stimulation is indicated by the signal magnet at the
top of the Figure.

Right (RSS) and left (LSS) stel-

late ganglion stimulation of 10 Hz, 5 msec duration,
and 4 volts caused augmentation in force in all recorded regions as well as an increase in heart rate.
~fuen

the VLCN was stimulated near its origin (up thor

VLCN - see Figure 1 in Methods section) contractile
forces were augmented only in the left ventricular posterolateral and posterior areas; heart rate was increased from 160 to 200 beats/min, and there was 1:1
atrioventricular conduction.

Stimulation of the cau-

dal thoracic portion of the VLCN (low thor VLCN)
caused the same regional force augmentation without
change in heart rate.

Stimulation of the total era-

nial portion of the pericardia! VLCN (up peri VLCN)
elicited a bradycardia of 125/min with minor depression
in atrial force.

Minimal depression in contractility

occurred in the right ventricular conus as well as the
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FIGURE 4
REGIONAL CARDIAC EFFECTS OF THORACIC AND
PERICARDIAL VLCN STIMULATIONS
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FIGURE 4
LEGEND

A standard limb lead II electrocardiogram as well
as strain gauge force recordings from left atrium (LA} ,
right ventricular conus (RVC), right ventricular sinus
(RVS), anterior left ventricle (LVA), anterolateral left
ventricle (LVAL), posterolateral left ventricle (LVPL},
as well as posterior left ventricle (LVP) are shown during a variety of nerve stimulations. Right (RSS) and
left (LSS) stellate ganglia stimulations are followed by
stimulations of upper thoracic VLCN (up thor VLCN),
lower thoracic VLCN (low thor VLCN), upper pericardial
region of VLCN (up peri VLCN}, and finally lateral branch
of upper pericardial VLCN (br up peri VLCN}.
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anterior and posterolateral and posterior regions of the
left ventricle.

Stimulation of a lateral branch of the

cranial pericardial VLCN (br up peri VLCN) elicited augmentation in force in the posterolateral and posterior
regions of the left ventricle with minimal atrial force
depression and bradycardia (heart rate of 150/min) •
Figure 5 illustrates the effects of stimulation
of the mid-pericardia! (panel A) and lower pericardial
(panel B) VLCN upon regional force in the same prepara-·
tions as illustrated in Figure 4.

During pre-stimula-

tion control periods, the heart rate was 155/min and
atrioventri·cular conduction was 1: 1.

During stimulation

of the mid-pericardial VLCN at 10 Hz, 5 msec and 1 volt,
atrial rate was increased to 320/min whereas the ventricular rate accelerated to 270/min.

Note that the

atrial tachycardia was regular or rhythmic while the
ventricular rate was not indicating some degree of heart
block in the A-V node.

In the right ventricle and an-

terior and anterolateral left ventricle every third contraction was greater in force than the previous two.
The occurence of heart block was probably due to the
very fast atrial rate and the long A-V nooe refractory
period (45, 131, 187).

The contractile force changes

were probably due to the altered hemodynamics (filling
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FIGURE 5
REGIONAL CARDIAC EFFECTS OF PERICARDIAL
VLCN
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In the same experiment as in Figure 4, with ECG
deleted, effects of stimulation of middle perregion of VLCN (A) , and lower pericardial reVLCN (B) are shown to compare regional effects
stimulation in ventricular region.
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time, etc.) of arrhythmias (80, 179).

~Vhen

the lower

pericardial VLCN was comparably stimulated, atrial tachydysrhythmia (flutter) occurred with some degree of heart
block.

This was followed by atrial and left ventricular

rates of 320/min (fast trace).

However, the right ven-

tricular conus contracted at 160/min.

Contractile al-

ternans occurred in the right ventricular sinue (rate
of 320/min).

Increased contractile force occurred in

some regions but not in others.
In 8 additional dogs, selective unipolar electrical activities along with regional contractile
forces were recorded during pericardial VLCN stimulation.

In Figure 6, at slow recording speed, low vol-

tage (10 Hz, 5 ms,

<

2 volts) stimulation of the mid-

pericardial VLCN induced tachydysrhythmia and widely
varying responses in regional contractile forces.

At

fast recording speed during control, the mechanical and
electrical behavior progressed in a cranial to caudal sequence with 1:1 A-V conduction.

During the tachydys-

rhythmia (induced at the arrow) the atrium contracted at
a faster rate (300/min) than the ventricles (150/min)
and the ventricular segments contracted after alternate
electrical excitations.

This apparent electrical - me-

chanical dissociation is probably due to strain gauge
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FIGURE 6
CONTRACTILE AND ELECTRICAL EFFECTS OF PERICARDIAL
VLCN INDUCED TACHYDYSRHYTHMIA
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FIGURE 6
LEGEND

Stimulation of middle pericardia! VLCN developed
a tachydysrhythmia as recorded on left atrial force
(LAF), conus electrical (conus elect) and force (conus
force) behavior, sinus force, anterior left ventricular
electrical (LVA elect) and force (LVA force} changes, as
well as lateral left ventricular force (LVL force).
Left panel demonstrates tachydysrhythmia at a slow recording rate, and right panel shows arrhythmia at a
faster recording speed. Note conus electrical excitation is double its mechanical behavior.
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response limitations.
In another group of 10 dogs, selective bipolar
electrograms and regional contractile forces were recorded during pericardial VLCN stimulations.

Figure 7

illustrates typical results of the stimulations after
A-V block had been created by surgical incision of the
His bundle.

The control sequence of electrical events

utilizing the bipolar electrograms is illustrated in the
left panel.

Left atrial, left ventricle, and right ven-

tricular contractile forces are also recorded.

During

control the S-A node electrode was closest to the cardiac pacemaker and it was first activated.

More cau-

dal electrograms (coronary sinus, A-V node and
Bachmann's Bundle} followed the initial S-A deflection.
Due to the surgical A-V block, the right ventricular
electrogram (over.the right bundle branch) was totally
dissociated from the atrial activity.

In the right

panel VLCN stimulation (10 Hz, 5 ms, 4 volts} induced

I

I
I

I
j'il

a coronary sinus tachydysrhythmia (irregular rapid rate)
with no effect upon ventricular rate.

il I

,!1

Upon cessation

jll
of the stimulation, the sequence of activation returned
immediately to that observed during control.

~

'
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Figure 8 illustrates the results of stimulation
of the pericardial VLCN (arrow) after effective
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FIGURE 7
CONTRACTILE AND ELECTRICAL EFFECTS OF VLCN INDUCED
TACHYDYSRHYTHMIA AFTER AV NODAL BLOCK
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FIGURE 7
LEGEND

In a dog with creation of an A-V nodal block,
bipolar electrical recordings from sinoatrial node
(S-A node), coronary sinus, atrioventricular node (A-V
node), left atrial portion of Bachmann's Bundle, and
right ventricular portion of Purkinje system (right
bundle) are recorded along with contractile force from
left atrium (LAF), anterior left ventricle (LVAF), and
right sinus(RSF). Normal sequence of electrical excitation (left panel) originates in the S-A node.
Initiation of dysrhythmia (right panel) causes a rapid
atrial excitation originating in coronary sinus region
that ceases abruptly when stimulus is stopped (arrows).
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FIGURE 8
VLCN STIMULATION IN A RESERPINIZED DOG

-F~~E~-------~
LAE--~----------~~--------~

LA

FORCE·-___./

RVE-~---

I

'\-~
1----1
100 MSEC

..

·

,--------.....-------

----------+---

61
FIGURE 8
LEGEND

Bipolar electrical recordings from S-A node (SA) ,
anterior internodal pathway (AIN), posterior internodal
pathway (PIN), left atrial muscle (LAE), and right ventricular epicardium (RVE) are illustrated along with
right atrial force (RA force), left atrial force (LA
force), and right ventricular force (RV force) in a_reserpinized dog before and during (arrows denotes start)
6-volt stimulation of lower VLCN. Note lack of change
during stimulation.
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catecholamine depletion by reserpine.

s-A

During control the

node electrode was excited first, followed by the

anterior internodal pathway, next by the posterior internodal pathway, next by the left atrium, and finally
by the right ventricular epicardial surface.

Right and

left atrial and right ventricular contractile forces
are also shown.

Stimulation of the VLCN (10 Hz, 5 ms,

6 volts) caused no rate or rhythm (right panel) changes.
It is emphasized that this stimulation intensity was
invariably supramaximal in-the absence of reserpine.
Furthermore, all induced tachydysrhythrnias were the result of direct VLCN efferent innervation.

Bilateral

cervical vagotomy and stellatectomy had no effects on

I

:I

tachydysrhythmia induction.
I.

B.

II

Analysis of VLCN Tachydysrhythmias

In 15 additional dogs more detailed analysis of
the VLCN induced tachydysrhythmias was performed.

Bi-

polar electrodes and a Hoffman A-V node plaque elec-

I

II
I

!I

trode were employed for local and His bundle electrograms and all dogs were maintained on total cardiopulmonary bypass.

In most dogs, the vagi and stellates

were decentralized, but tachydysrhythmias induced before decentralization remained identical to those after
decentralization.
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Submaximal stimulation of the pericardial VLCN
(0.5 to 4.0 volts in normal dogs or up to 6.0 volts in
partially reserpinized dogs) induced irregular tachydysrhythmia patterns.

Figure 9 illustrates a typical minor

dysrhythmic pattern during submaximal stimulation.

In

the first sequence the initial depolarization arose
nearest the posterior internodal electrode and it
spread cranially toward the S-A nodal area and caudally
through the A-V node bundle of His and finally to the
ventricles.

The precise location of the pacemaker can-

not be determined from these tracings, but the excitation appeared first at the posterior internodal electrode.

This low posterior internodal pacemaker was

common for this dog; the A-H interval was 75 msec (within normal ranges) and the H-V interval was 90 msec
(longer than control value probably due to suture injury} with a total cycle length of 380 msec (heart rate
157 beats/min).

In the second sequence atrial activa-

tion was similar, to that in the first except that the
His depolarization was not present indicating that
either the depolarization bypassed the A-V node and/or
bundle of His (as in ventricular pre-excitation) or
that a ventricular ectopic focus arose just before normal His activation.

The second line was continuous with
'
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FIGURE 9
MINOR DYSRHYTHMIAS WITH SUBMAXIMAL VLCN STIMULATION
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Minor dysrhythmias induced by ventral lateral cardiac nerve stimulation {VLCN). Abbreviations and time
line as in Figure 3. Channel 1 is the His bundle electrogram, channel 2 is an S-A nodal electrogram, channels
3-5 are internodal pathway electrogram and channel 6 is a
right ventricle electrogram {over the right bundle branch).
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the first (200 msec deleted), and the third sequence was
normal.

However, the fourth sequence involved a prema-

ture atrial depolarization associated with initial activation from an ectopic focus nearest the anterior internodal electrode.

The A-H interval was 80 msec, but

the H-V interval was reduced to about 30 msec (possibly
due to A-V nodal bypass fibers or a premature ventricular depolarization).

This ectopic focus predominated

for two cycles as noted again in the fifth sequence
(120 msec deleted between the fourth and fifth sequences).

However, in the sixth sequence atrial acti-

vation was delayed and a new ectopic focus arose in
or near the His bundle.

The depolarization wave spread

from the His bundle caudally to the ventricles and may
have spread cranially to the right atrium.

lVhether

this cranial spread from the His bundle to the right
atrium actually occurred cannot be determined since the
normal right atrial pacemaker was located low in the
atrium.

Both retrograde spread from the His and a

posterior internodal pacemaker would result in the observed right atrial activation pattern.

After the

sixth cycle four normal sequences have been omitted.
The seventh sequence was normal, but the eight sequence
was similar to the fourth, again being premature from a
I.
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focus near the S-A and anterior internodal electrodes.
unlike the fourth sequence, however, the H-V interval
was control.

After this last sequence there was a pause

of 430 msec; then the control posterior internodal
rhythm resumed.
Maximal stimulation of the· pericardia! VLCN (2.0
to 9.0 volts) induced a
liar to each dog.

tachydysrhyth~ia

pattern pecu-

Most tachydysrhythmias were inter-

preted to arise from ectopic foci located in the lower
right atrium - upper ventricular septum area.

In su-

praventricular tachydysrhythmias a degree of depressed
A-V nodal conduction frequently occurred.

Figure 10 il-

lustrates the induction of MIN focal tachydysrhythmia
with supramaximal stimulation of the VLCN (10 Hz, 5 ms,
8.0 volts).

The dysrhythmia began with irregular rate

and depressed A-V conduction and became an established
tachydysrhythmia with 2:1 second degree heart block.
The first cycle indicated a pacemaker near the anterior
internodal electrode with spread to the S-A node and
lower right atrial areas.

There was a long A-H inter-

r

I

!

val (110 msec) with a control of H-V interval of 75 msec.
The second atrial depolarization was premature and from
the same anterior internodal pacemaker; the A-H interval
was increased to 145 msec with no change in the H-V
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FIGURE 10
PROGRESSING WENCKEBACH (HOBITZ I) TACHYDYSRHYTHMIA
INDUCED BY VLCN STIMULATION
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interval.

The next atrial-depolarization was premature

with initial excitation in the S-A nodal area (caudal

s-A

node with MIN before AIN) and A-H interval of 160

msec, again without change in the H-V interval.

Finally,

the last atrial depolarization in the top line was marked
by initial activation near the middle internodal elec-

trode and the A-H interval was infinite:
wenckebach (Mobitz 1) rhythm.

hence, a 4:3

The second line of re-

cordings was continuous with the first.

Atrial depola-

rizations were again initiated near the middle internodal electrode location.

The first A-H interval was

90 msec, the second 130 msec; the last in the series
was infinite.

Thus, the previous 4:3 Wenckebach rhythm

had progressed to a 3:2 ratio.

This 3:2 rhythm con-

tinued for two more series which were deleted and were
following by the third line in which the atrial depolarizations were all initiated nearest the MIN electrode.
The first A-H interval was again 90 msec, the second
infinite.
finite.

The third was 125 msec, and the fourth inThus, the 3:2 Wenckebach rhythm progressed to

2:1 heart block.

Finally, an atrial pacemaker near the

middle internodal electrode was established (as noted in
the final line) with a cycle length of 145 msec or a
corresponding atrial rate of 412/min, and a ventricular

:;,:·1·!
'I'
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rate of 206/min.
An example of a VLCN induced tachydysrhythmia
~hich

focuses from the upper ventricular septal area is

illustrated in Figure 11.

This Figure is from a contin-

uous record of 12 depolarization sequences (100 msec have
been deleted between each sequence, and three intermediate sequences have been deleted) during a 10 Hz, 5 ms,
6 volt stimulation of the pericardial VLCN.

The first

sequence represented a depolarization pattern with high
right atrial activation, followed by low right atrial
activation, the His electrogram, and finally by ventricular activation.

The guide line illustrates the

cranial to caudal activation pattern in the right
atrium.

The cycle length (S-A node to S-A node) was

340 msec (heart rate of 176 beats/min).

Stimulation of

the VLCN established a secondary pacemaker in or near
the bundle of His, first indicated in the second sequence as an apparent shortening of the A-H interval.
Without the previous or following depolarization sequences for reference, this shortened A-H interval
might be interpreted as pre-excitation via James bypass
fibers

(see Literature Review).

In the third and fourth

sequences, no distinct H depolarizations occurred and
again various patterns of pre-excitation of the ventricles
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FIGURE 11
VLCN INDUCED HIS BUNDLE TACHYDYSRHYTHMIA
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time lines as in Figure 3. Guide line in first sequence
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right atrial activation.
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could be postulated.

Note that in the first five se-

quences the right atrial pacemaker was closest to the

s-A

node electrode and right atrial activation patterns

were still cranial to caudal.

In the fifth sequence, ·

the His depolarization (due to a pacemaker near the His
bundle) "emerged from" the "a" component.

This His

pacemaker drove the ventricles since the H-V interval
was unchanged from control at 60 msec.

Thus, it must

be assumed as a result of VLCN stimulation, two pacemakers were functional at this time, one in or near
the His bundle and the other in or near the S-A node.
In the sixth sequence, the PIN deflection preceded the
MIN deflection indicating entry of the His pacemaker
depolarization wave into the right atrium.

It must be

assumed that the two depolarization waves were colliding
in the inferior right atrium.

In the seventh and eighth

sequences, this collision proceeded more cranially due
to the increasing rate of the His pacemaker.

In the

seventh sequence, the right atrial electrograms appear
to occur almost simultaneous.

Finally, in the final

sequence the His pacemaker was established with a
cycle length of 325 msec (heart rate of 185/min).

This

His pacemaker dominated the ventricles (H-V still control 60 msec) and the right atrium.

The final guide

II
I

,, I
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line illustrates the caudad to craniad (His-PIN-MIN-AINSA) activation pattern in the right atrium (157).

The

VLCN induced His pacemaker was probably near the His-AV

nodal junction since the H-V interval was unchanged from
control and the H deflection morphology unchanged.

Upon

termination of the VLCN stimulation, the S-A nodal pacemaker slowly became dominant as the His pacemaker slowed.

i

sequential patterns in reverse of those described above
were observed.
In some dogs stimulation of the VLCN induced ventricular tachydysrhythmias; Figure 12 illustrates such
a tachydysrhythmia.

The establishment of a second (ven-

tricular) pacemaker occurred during 10 Hz, 5 ms, 4 volt
stimulation of the pericardia! VLCN.

The first se-

quence indicated initial high right atrial activation
nearest the AIN electrode with depolarization spreading
caudally to the A-V node.

The guide line illustrates

the craniad to caudad activation pattern in the right
atrium.

Control heart rate (AIN to AIN cycle length

430 msec) was 139/min; the A-H interval was 50 msec and
the H-V interval was 45 msec, both within normal range

'-~ ~
~
!Ill
II

limits.

Stimulation of the VLCN resulted in apparent A-V

dissociation.

The atrial pacemaker remained high in the

right atrium close to the AIN electrode with a cycle
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FIGURE 12
VLCN INDUCED VENTRICULAR TACHYDYSRHYTHMIA

VLCN STIMULATION
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length of 430 msec.

However, emergence of a ventricular

pacemaker with a faster rate (cycle length 380 msec, heart
rate 157/min) occurred (fourth cycle) as reflected in the
RBB and His electrograms.

1

In the first three sequences,

the right atrial activation patterns were identical, however, in the 4th sequence (as the V pacemaker emerges)
the PIN atrial component preceded the MIN thus indicating
entry of the ventricular depolarization into the inferior
right atrium with collision of the 2 waves.

This colli-

sion proceeded more cranially in the fifth sequence due to
the faster ventricular rate.

In the final sequence the

ventricular pacemaker was established and dominated the
right atrium.

The guide line indicates caudad to era-

nidad (PIN-MIN-AIN-SA) right atrial activation.

With

the ventricular pacemaker, no retrograde His deflection
was seen.

This may have been due to retrograde disso-

ciated conduction in the His bundle (114) or bypass of
the His bundle and A-V node from the ventricle to the
atria (235).

Exact localization of the ventricular pace-

maker was impossible but it was postulated to be in the
proximal right bundle branch.

This postulation was based

upon the minimal changes in the RBB electrogram morphology and the reverse timing between the RBB electrogram
deflection and the ventricular electrotonic component

i
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of the PIN electrogram.
Most VLCN induced tachydysrhythmias stopped upon
cessation of the electrical stimulation.

However, it

was not uncommon for a tachydysrhythmia to continue for
several seconds after the stimulation, and in a few animals, induced tachydysrhythmias continued for many minutes.

Most of these continuing tachydysrhythmias stopped

spontaneously.

However, it was possible in some cases to

stop the tachydysrhythmia with distal vagal stimulation
and at times to aggrevate the tachydysrhythmia into atrial
fibrillation.

Figure 13 demonstrates a post-stimulatory

continuing tachydysrhythmia that was established with a
10 second VLCN at standard parameters (10Hz, 5 ms, 4 v).
The dysrhythmia had continued for more than 3 minutes
after the stimulation ceased prior to the time this sequence of beats was recorded.

This supraventricular

tachydysrhythmia, initiated from a low right atrial focus, is the most common dysrhythmia elicited by VLCN
stimulation.

The pacemaker appeared to be in the A-V

node junctional area with cranial spread to the S-A
nodal area during the first cycle.

The cycle length was

115 msec or an atrial rate of 520/min.

The ventricles

could not follow and were excited at a slower rate (270/
min).

In the His electrogram {not shown here) each

:i

f
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FIGURE 13
VLCN INDUCED, POST-STIMULATORY
CONTINUING TACHYDYSRHYTHMIA

pOST STIMULATORY CONTINUING TACHYOYSAHYTHMIA
SA~~-~-------~y.~~~------~~~-------~~~------~~~A--------~~--

AV..J

LV~rv-----------~~~
RIGHT CERVICAL VAGUS STIMULATION

-----~------~-----~----~~
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------~~-------------~---------------~-----ATRIAL FIBRILLATION
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Post-stimulatory continuing tachydysrhythmia.
AVJ = atrioventricular junction; LV = left ventricle;
SA = sinoatrial node. Time line = 100 msec.
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icular depolarization was preceded by a His depolaven tr
. ation. An attempt to terminate this continuing dysrJ.Z

rhythmia was made by stimulation of the distal cut end
of the cervical vagus, a procedure that was effective
in about half the continuing tachydysrhythrnias.

The rec-

ord indicated that the right cervical vagal stimulation
had a minor effect on the atrial pacemaker which continued at its fast rate but A-V conduction was further
decreased, as indicated by the greatly decreased ventricular rate (about 120/min).

Continued vagal stimula-

tion then precipitated atrial fibrillation, as noted in
the last series.

Left cervical vagal stimulation termi-

nated the dysrhythmia.

In about half of the instances

of post-stimulatory continuing tachydysrhythmia, vagal
stimulation (left or right) terminated the dysrhythmia.
Table I summarizes the induced tachydysrhythmias
elicited by pericardia! VLCN stimulation.

Analysis of

the VLCN induced tachydysrhythmias revealed that a variety of dysrhythrnias can develop.

In any single dog,

one to three focal tachydysrhythrnias were induced depending upon the electrode placement along the VLCN and
the intensity of the stimulating voltage.

This variety

may indicate remarkable variability of innervation distribution by the VLCN between dogs.
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TABLE I
VLCN INDUCED TACHYDYSRHYTHMIAS

TABLE I
T<tdlydysrhythmiu lmlucecl by Electrical Stimulation of the Ventral Lat.ral Cardiac Nerve

Animal

AV
Nodal

1

1

2
3
4R

6

8

PIN

AVJ

1

HIS

1.5
6
6
6

4

Venl

Mobitz I

0.6
4
3

4

LA

4

5
6

95

8
4

5
3.

10
11

15

MIN

1

5R
65
75

12
l3
14

AIN

4

8
4

4

5
2

2

2
2
2

.-..
2

2

1
4

4

3

The electrode nearest the induced ectopic focus
is indicated by the voltage required to induce a tachydysrhythmia. Dogs 4R and SR were pretreated with reserpine; dogs 68, 78 and 98 underwent prior partial
surgical sympathectomy. AIN = anterior internodal
pathw~y; AV = atrioventricular; AVJ = atrioventricular
nodal junction; HIS = bundle of His; LA = left atrium;
MIN = middle internodal pathway; PIN = posterior internodal pathway; V~nt. = ventricle.
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In general however, the VLCN induced dysrhythmias with foci around the A-V node, probably reflects the general innervation of the VLCN to the inferior right atrium - superior interventricular septum
area.

Thus, a total of 16 instances of tachydysrhythmia

occurred within the myocardial segments influencing the
electrograms from A-V nodal, coronary sinus

(PIN), A-V

junctional (AVJ), and His bundle regions.

It is also

perhaps significant that a majority of these were elicited by relatively low intensity stimulation voltages.
The general analysis and conclusions of a VLCN
induced ectopic focus were supported by the total lack
of re-entrant type activation sequences.

Furthermore,

in 3 dogs surgical severance of the 3 internodal tracts
and the His bundle failed to block this induced tachydysrhythmia.

These surgical interventions eliminated

the possible right atrial routes for macro-reentry
(but not micro-reentry) within the atrium and/or A-V
node - His bundle.
I.

C.

The Pharmacology of VLCN Tachydysrhythmias

Based on the hypothesis that electrical stimulation of the pericardial VLCN was equivalent to stimulation of another autonomic nerve (153), traditional
pharmacologic agents which competitively block the

I'll:liI
''I,,
I
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post-synaptic membrane "receptor(s)" were employed to
block the effects of VLCN stimulation (68).

It was

assumed that the pericardial VLCN is predominantly a
post-ganglionic sympathetic nerve since most preganglionic synapses of cardiac sympathetic nerves in the dog
'

'

occur in the caudal cervical ganglion (232}.

In addi-

tion, sympathetic stimulation augments inotropic, dromotropic and chronotropic mechanisms and therefore could
possibly mediate a tachydysrhythmia.

Due to the numerous

interconnections between the thoracic vagus and the VLCN,
the possibility of stimulation of preganglionic and postganglionic

para~ympathetio

(see Figure 1 in Methods).

neurons was also considered
However, due to the predomi-

nate negative chronotropic, inotropic, and dromotropic
effects of parasympathetic stimulation (83}, these fibers were thought not to participate in a tachydysrhythmias.
The various conventional neural receptors which
might be present at the VLCN-myocardial synapse are alpha
and beta adrenergic and muscarinic cholinergic.

In the

event of a cardiac ganglion in the neural connection to
the heart, a cholinergic nicotinic receptor must be considered (68).
In order to pharmacologically block the cardiac
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adrenergic beta receptors propranolol was intravenously
administered to 14 dogs.

Stimulation of the pericardial

VLCN induced a tachydysrhythmia similar to one seen be-

fore beta blockade.

The tachydysrhythmia foci after

propranolol were slightly slower and the degree of A-V
block was increased.

The effectiveness of the beta

blockade was tested and verified by lack of chronotropic
and dromotropic .responses to stellate ganglion stimulation.

In addition to propranolol, two other beta

blocking agents were employed to prevent VLCN tachydysrhythmias.

Cardio-specific tolamalol (i.v. admin-

istration in 2 dogs) and practolol (66, 211)

(i.v. ad-

ministration in a dog} both failed to prevent VLCN induced tachydysrhythmias.
In order to block the cardiac alpha adrenergic
receptors phenoxybenzamine (10 dogs} or phentolamine
(4 dogs) were intravenously administered.

Neither

agent alone or in combination with propranolol prevented VLCN induced tachydysrhythmias.
Intravenous injection of the anti-adrenergic
drug bretylium (3 dogs} did not block

VLC~~

induced
,,,

I'

tachydysrhythmias.

In 7 dogs, intravenous anti-adre-

nergic guanethidine failed to prevent VLCN induced
tachydysrhythmias unless (in 3 dogs) administered with

I,

II

I
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other

agents such as quinidine, propranolol, or apridine.
Reserpinization was performed in 7 dogs by pre-

tre atm

ent with 0.3 to 0.5 mg/kg over 3 to 5 days.

In

onlY one of the 7 dogs could VLCN tachydysrhythmias not
be induced (Figure 9).

However, if reserpinized dogs

were also treated with phenoxybenzamine, VLCN tachydysrhythmias were blocked in 4 out of 5 experiments.

This

prevention of VLCN tachydysrhythmias with these combined
agents probably results from the cardiotoxic effects of
these drugs rather than their blocking action (84, 104,
118).

Atropine sulfate was·intravenously administered
in 14 dogs to block the cardiac muscarinic cholinergic
receptors.

Stimulation of the VLCN after atropine

still induced tachydysrhythmias.

The effectiveness of

the atropine block was tested and verified by lack of
chronotropic and dromotropic effects with cervical vagal stimulation.

Atropine in combination with pro-

pranolol or with alpha blocker failed to prevent VLCN
induced tachydysrhythmias.

However, in 2 of 7 dogs

after atropine, beta blocker and alpha blocker, VLCN
induced tachydysrhythmias could not be elicited.
Block of the cardiac cholinergic nicotinic receptors with hexamethonium in 5 dogs failed to prevent
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VLCN induced tachydysrhythrnias.
Intravenous administrations of the cardiac antiarrhythmic agents quinidine (6 dogs), digoxin (2 dogs),
and dephenylhydantoin (4 dogs), all failed to prevent

VLCN induced tachydysrhythmias.
Intravenous administrations of local neural anes-

I

thetic agents have been partially successful in blocking
VLCN induced tachydysrhythmias.

I

Lidocaine completely
I'

abolished VLCN induced tachydysrhythmias in 3 of the 6
dogs in which it was injected.

I·'I

In the remaining 3 dogs,

the induced tachydysrhythmia required greater stimulating voltage.

These differences may depend upon the

lidocaine concentrations in the myocardium.

In 8 of 8

dogs, lidocaine injected directly into the pericardia!
VLCN prevented the neurally induced tachydysrhythmias.

Procaine terminated and prevented VLCN induced tachydysrhythmias in 2 of 3 dogs in which it was intravenously administered.
Not wishing to postulate a new receptor or neurotransmitter at this time, efforts were made to deliver
more concentrated doses of blocking agents to the VLCN myocardial synaptic area.

Since analysis of the tachy-

dysrhythmias in section I.B. indicated predominate distribution of the pericardia! VLCN to the inferior right
:i'
1
: 1,::1
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;urn - upper ventricular septum area, efforts were made
atr ....
to deliver drugs to this area alone.

While on total car-

·opulmonary bypass, the hearts of 11 dogs were fibrild~ lated and the A-V nodal artery isolated according to
James (see Methods section for details) and cannulated
for verification and drug injections after D.C. cardioversion.
In Figure 14, the injection of acetylcholine into
the oerfused A-V nodal artery is illustrated with
optical oscillograph recordings.

During control (left

panel) the S-A nodal electrode was activated first and
depolarization occurred in a normal superior to inferior direction.

The s-A node cycle length was 40 5 msec

(heart rate 148/min).

The A-H interval during the con-

trol sequences was 70 msec and the H-V interval was 45
msec, both values within accepted normal limits.

During

acetylcholine infusion of the A-V nodal artery (right
panel) complete heart block occurred.

The S-A nodal

cycle length remained at 405 msec and right atrial activation was unchanged, however, the A-H interval was

nmv infinite.

During this transient (20-30 second)

period of complete heart block, an occasional ventricular escape beat occurred.

An escape beat is illustrated

in this Figure and was characterized by the inverted His
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FIGURE 14
ACETYLCHOLINE INFUSION INTO THE AV NODAL ARTERY
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deflection and reverse timing of the ventricular and
atrial components of the PIN and LA electrograms.

This

escape was postulated to arise in a bundle branch since
the His deflection was before the ventricular component
of the His electrogram and the right ventricular electrogram.

Furthermore, the right ventricular electro-

gram preceded the electrotonic ventricular deflection
of the LA electrogram.
Of the 11 dogs in which the A-V nodal artery
wqs isolated and acetylcholine perfused, 7 dogs responded with transient heart block and were considered
positive verification for the A-V node perfusion.

At

the end of each experiment, the heart was removed from
the dog and the right atrium and ventricle exposed.
Perfusion of the A-V nodal artery with India ink resulted in the inkts discoloration of the inferior
right atrium and superior right ventricle (free wall
and septum).

In the 4 dogs in which no degree of heart

block was induced by acetylcholine infusion (up to 10
mg) into the isolated artery, no A-V nodal perfusion
was assumed and no drugs were injected.

India ink per-

fused into these arteries at the end of each experiment generally discolored the right ventricle only.
With positive verification of A-V node perfusion,
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·ous blocking agents were employed to prevent VLCN

var~

tachydysrhythmias.

In Figure 15 (left panel) stimula-

. n of the pericardial VLCN (10 Hz, 5 ms, 5 volts)

t~O

after isolation of the A-V nodal artery induced a tachyaysrhythmia which originated near the MIN and PIN electrodes (arrow).

The control rhythm and rate along with

verification of the A-V node perfusion was seen in
Figure 14.

Perfusion of the A-V node with phenoxyben-

zamine (2 mg), propranolol (1 mg), and atropine (1 mg)
had no effect upon the VLCN induced tachydysrhythmia.
The middle panel of Figure 15 illustrates the same
MIN/PIN tachydysrhythmia with VLCN stimulation (10 Hz,
5 rns, 6 volts) as seen before blocker perfusion.

In

the final panel of Figure 15, stimulation of the pericardial VLCN (10 Hz, 5 ms, 8 volts) after perfusion
of the A-V node with 20 mg of lidocaine resulted in
tachydysrhythmia.

This tachydysrhythmia began near

the AIN electrode (arrow) not the MIN/PIN electrodes
as before A-V node perfusion with lidocaine.

The area

near the AIN electrode (at Bachmannts Bundle) was not
discolored (and therefore assumed not to have been
perfused) by India ink at the end of the experiment.
Perfusion of the A-V node with propranolol (6
dogs) and practolol (1 dog) failed to prevent VLCN

I,,,
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FIGURE 15
VLCN TACHYDYSRHYTHMIA WITH AUTONOMIC BLOCKING AGENTS
INJECTED INTO THE AV NODAL ARTERY

I.~
!

t-

I
I

I'

Effects of pharmacological blocking agents and
lidocaine injected into the A-V nodal artery upon VLCN
induced tachydysrhythmias. Abbreviations and time lines
as in Figure 14. Arrows indicate site(s} of initial
electrical activation. Guide lines indicate craniadcaudad activation patterns.
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induced tachydysrhythmias.
0

'th alpha receptor blockers

w~

Perfusion of the A-V node
(phenoxybenzamine 4 dogs,

phentolamine 1 dog) also failed to prevent VLCN induced
tachydysrhythmias.

Bretylium perfused into one A-V

node also failed to block the tachydysrhythmias.
Perfusion of the A-V node with atropine (6 dogs)
failed to prevent VLCN induced tachydysrhythmias alone
or with the alpha and beta adrenergic blockers (3 of 4
dogs).

In one instance, all 3 agents together blocked

the tachydysrhythmias.
Perfusion of the A-V node with quinidine (2 dogs),
digoxin (1 dog), or diphenylhydantoin (1 dog) failed to
prevent VLCN induced tachydysrhythmias.
Perfusion of the A-V node with lidocaine in 5
dogs failed to block VLCN tachydysrhythmias.

The per-

fusion of the A-V nodal artery with lidocaine didn't
block the tachydysrhythmias but in 3 dogs shifted the
ectopic focus to an area not perfused by the A-V nodal
artery (Figure 15).

This suggests sufficient lidocaine

concentration in part but not all of the VLCN innervated
areas of the heart.

In the remaining 2 dogs, the ori-

ginal tachydysrhythmias were from foci not perfused by
the A-V nodal artery (AIN and LA) •
In conclusion, pharmacological attempts to prevent

I'
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VLCN induced tachydysrhythmias were largely unsuccessful
I

in terms of accepted neural blocking agents.

Intrave-

nous and A-V nodal artery administrations were both ineffective routes, thus indicating blocking agent concentrations were sufficiently high for normal receptor
blockade.

Only when various drugs were given in doses

and/or combinations to induce cardiotoxic or anesthetic
effects were the VLCN tachydysrhythmias prevented.
In addition to the drugs reported above, five
additional agents were employed in preliminary studies
to prevent the VLCN tachydysrhythmias.
anti-calcium current drug)

Apridine (an

(i.v. - 2 dogs), verapamil

(an anti-calcium current drug)

(i.v. -

2 dogs), bena-

dryl (an anti-histamine agent)

(i.v. - 1 dog and AVN -

1 dog) , edrophonium (an anti-acetylcholinesterase agent)
(i.v. - 1 dog) and cryoheptadine (an anti-serotonin
agent)

(i.v.

3 dogs) were all unsuccessful in pre-

venting VLCN induced tachydysrhythmias.
Table II summarizes the various neural blocking
agents and anti-arrhythmic agents employed to prevent
the VLCN induced tachydysrhythmias.

The number of times

a drug was tested is recorded across from the drug name
and below the route of administration.

.
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TABLE II
PHARMACOLOGIC AGENTS EMPLOYED AGAINST VLCN
INDUCED TACHYDYSRHYTHHIAS

I. V.
30 Dogs
14

A.V.N.
7 Dogs
6

1.

Propranolol

2.

Tolarnalol

2

3.

Practolol

1

1

4.

Phenoxybenzarnine

10

4

5.

Phentolamine

4

1

6.

Bretyliurn

3

1

7.

Guanethidine

71

8.

Reserpine

72

9.

Atropine

143

67

10.

Hexamethonium

5

11.

Quinidine

6

2

12.

Digoxin

2

1

13.

Diphenylhydantoin

4

1

14.

Lidocaine

64

58

15.

Procaine

35

16.

Other6

9

l

III'
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TABLE II
FOOTNOTES

1.

In 3 dogs, guanethidine with other agents (quinidine,
prooranolol or apridine) prevented VLCN tachydysrhythrnia.

2.

In 1 dog, reserpine alone blocked VLCN tachydysrhythrnias. In 4 reserpinized dogs treated with
phanoxybenzamine, the VLCN tachydysrhythmias were
blocked.

3.

In 2 dogs, atropine with propranolol and alpha blocker
prevented VLCN tachydysrhythrnias.

4.

Tachydysrhythmias blocked in 3 dogs; modified in 3
dogs. Lidocaine into the pericardial VLCN blocked in
8 out of 8 additional dogs.

5.

Tachydysrhythrnias prevented in 2 dogs.

6.

Apridine, verapamil, edrophonium, benadryl, and cryroheptadine - without tachydysrhythmia prevention.

7.

Tachydysrhythmias prevented in 1 dog with atropine
and alpha blocker and propranolol.

8.

Tachydysrhythrnia focus shifted in 3 dogs.

LEGEND

Summary of autonomic blocking drugs and anti-arrhythmic agents employed against VLCN tachydysrhythmias. The
number of times a drug was tested is listed across from
the drug and below the route of administration.
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Neurally Induced Bradydysrhythmi as
This section will deal with
of cardiac bradydysrhythmias which

ind~ction

res~lt

and analysis

from electri-

cal stimulation (20 Hz, 5 msec, 4 volts) of the thoracic
vagus nerves and their small cardiac branches.

The in-

duced bradydysrhythmias are a result of the efferent innervation of the stimulated vagal branch as well as the
ipsilateral and contralateral effects
stimulation of the afferent components
branch.

~hich

result from

of the vagal

These direct and reflex comportents can be sep-

arated by stimulations before and after ipsilateral and
contralateral cervical vagotomies.
In this section, 12 acute experiments are reported and all recordings were with the Midwest Optical
oscillograph.

In most dogs, complete Clirect and re-

flex, or right and left studies were performed.

In

some dogs however, only right or only left or only
efferent results were obtained (see Methods section).
II.

A.

Left Thoracic Vagal Nerves

Most if not all, of the efferent cardioinhibitory
fibers to the heart from the left thoracic vagus were
carried in the cardiac branches of the

recurrent laryn-

geal nerve.

the efferent left

Electrical stimulation of

recurrent laryngeal nerve always deere ased heart rate

I

II
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and often depressed A-V conduction.

However, besides ef-

t innervation, this nerve and its branches also
fere n
_, afferent fibers via the vagus which when stimulated
car•J
can induce reflex bradydysrhythmia. Figures 16 and 17·
illustrate typical differential afferent and efferent
effects.

In Figure 16, the 8 oscillograph tracings are

HiS bundle electrogram, S-A nodal electrogram, anterior
internodal pathway electrogram, coronary sinus electrogram, left atrium electrogram, ventricular electrograms,
and finally a lead II ECG.
The first panel illustrates the control rhythm
while both vagi remained intact.

The pacemaker was lo-

cated functionally and/or anatomically nearest the S-A
nodal electrode and had a cycle length of 420 msec
(heart rate 142/min); the A-H interval was 100 msec and
the H-V interval was 35 msec (both within normal limits).
In the second panel, stimulation of an intact cardiac
branch of the left recurrent laryngeal nerve increased
the S-A pacemaker cycle length to 830 msec (heart rate
72/min) while the A-H interval remained at 100 msec and
the H-V interval remained at 35 msec.

This lack of de-

pressed A-V conduction was unique since left recurrent
laryngeal nerve stimulation depressed A-V conduction in
7 of 8 dogs.

The amount of A-V delay ranged from 30 msec

I

~
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FIGURE 16
DIRECT AND REFLEX BRADYDYSRHYTHMIC EFFECTS OF STIMULATION
OF A LEFT RECURRENT CARDIAC NERVE BRANCH
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14. CS = coronary sinus electrogram; RV = right ventricle; LV = left ventricle.
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to infinity (complete heart block).

Right atrial conduc-

tion during control and stimulation remained from superior to inferior with minor changes in electrode activation which may indicate minor effects upon the pattern of activation or conduction velocity.

Similarly,

the LV electrogram was slightly delayed in relation to
the RV electrogram.
In Figure 17,after left cervical vagotomy, the
response to identical efferent nerve stimulation alone

is illustrated.

The S-A cycle length was increased from

420 msec to 470 msec.

The heart rate was slightly de-

creased to 127/min (from 142/min) and the A-H interval
remained at 100 msec (possibly due to sympathetic withdrawal).

The right atrial activation pattern was simi-

lar to control activation and the RV and LV electrograms were activated together.

Thus, much of the sinus

bradycardia was reflexly induced since vagotomy abolished
most of it.

However, most of the A-V delay seen in other

dogs during recurrent cardiac nerve stimulation was only
slightly decreased by vagotomy indicating only minor reflex A-V depression.
The left recurrent laryngeal nerve innervated the
heart through multiple branches, and electrical stimulation of these individual cardiac branches frequently

97

FIGURE 17
DIRECT EFFECTS OF STIMULATION OF A LEFT RECURRENT
CARDIAC NERVE BRANCH

With the left cervical vagus sectioned, direct effe cts of stimulation of a branch of the left recurrent
cardi ac nerve are seen. Abbreviations and time lines as
in Fi gure 16.
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induced different responses.

Figures 18-21 illustrate

the unique responses of stimulation of the main nerve and
three individual mixed afferent and efferent branches in
one dog.

In Figure 18, the control cycle length was

J50 msec (heart rate 171/min) and the pacemaker was
nearest the S-A nodal electrode; the A-H interval was

so

msec.

Stimulation of the main left recurrent car-

diac nerve (20 Hz, 5 ms, 4 volts) induced moderate
atrial bradycardia.

The S-A cycle length increased to

485 msec (heart rate 123/min) and complete heart block
occurred above the bundle of His (note the absence of
the H deflection).

An independent slower irregular

ventricular depolarization pattern emerged.

Pacemaker

location may have shifted within the S-A node during
the stimulation since the right atrial activation pattern was slightly shifted during the stimulation.
location of the ventricular

escape~beat

The

was probably

very distal in the Purkinje system since no retrograde
His deflection was seen and the V component and QRS
complex were wide and inverted.
Stimulation of this same main left recurrent cardiac nerve after bilateral cervical vagotomy, induced
a slight tachycardia (S-A to S-A cycle length 320 msec;
heart rate of 187/min) with complete heart block.

Thus

I
I
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FIGURE 18
BRADYDYSRHYTHMIA INDUCED BY STIMULATION OF THE
LEFT RECURRENT CARDIAC NERVE

Direct and reflex effects of stimulation of the
main left recurrent cardiac nerve. Abbreviations and
time lines as in Figure 14.
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all of the bradycardia seen before vagotomy was reflexly
induced \vhile the heart block effect

~vas

directly induced.

In Figure 19, stimulation (20 Hz, 5 ms, 4 volts)
of a superior (craniad) branch of the main left recurrent nerve in the same dog (as Figure 18) decreased the

s-A

node cycle length to 290 msec (a cardiac accelera-

tion to 206/min from control 171/min).

The right atrial

activation was similar to the control pattern.

First

and second degree heart block were also induced with
the stimulation.

Alternate atrial impulses were blocked

above the His bundle and conducted impulses were slowed
so that the A-H interval was increased from 80 to 100
msec.
In Figure 20, stimulation (20 Hz, 5 ms, 4 volts)
of the middle branch of the left recurrent cardiac
nerve induced an irregular atrial rhythm.

The pace-

maker remained nearest the S-A node electrode but depolarized with variable frequency.

The right atrial

activation pattern was similar to the control pattern.
Again as with the stimulation of the superior branch,
. first and second degree heart block were induced.

How-

ever, the conducted impulses were more impaired and the
A-H interval increased to 110 msec (from control 80 msec).
The frequency of conducted impulses also decreased but
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FIGURE 19
STIMULATION OF THE SUPERIOR BRANCH OF THE LEFT
RECURRENT CARDIAC NERVE

Direct and reflex effects of stimul ation of the
s up e rior (craniad) branch of the left recurrent cardiac
ne r v e. Abbreviations and time lines as in Figure 14.

102
FIGURE 20
STIMULATION OF THE MIDDLE BRANCH OF THE LEFT
RECURRENT CARDIAC NERVE
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occurred sufficiently to prevent ventricular escape
These effects indicate minor refleX S-A node
innervation by this recurrent branch.
In Figure 21, stimulation of the inferior (caudad)
branch of the left recurrent cardiac nerve in the same
dog decreased the S-A nodal cycle length from 350 to
290 msec (a cardioacceleration from 171/min to 206/min).
There was some degree of heart block as the A-H interval increases from 80 to 100 msec and an occasional impulse was blocked before the His bundle.

The S-A node

impulse resulted in a right atrial activation pattern
like the control pattern.
In conclusion, a significant portion of left vagal innervation of the heart is through its recurrent
laryngeal (cardiac) nerve and its branches.

Stimula.,..

tion of the individual cardiac branches of the recurrent cardiac nerve results in various degrees of reflex
bradycardia and direct A-V node depression.
II.

B.

Right Thoracic Vagal Nerves

In contrast to the left thoracic vagal nerves of
the heart which were predominately carried via the left
recurrent cardiac nerve, the right thoracic vagal nerves
of the heart were distributed in many nerves arising
along the thoracic vagus from the caudal cervical

I

I
.I"I
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FIGURE 21
STIMULATION OF THE INFERIOR BRANCH OF THE LEFT
RECURRENT CARDIAC NERVE

Direct and reflex effects of stimulation of the
i nf erior (caudad) branch of the left recurrent cardiac
nerve. Abbreviations and time lines as in Figure 14.

i
I
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ganglion to the level of the azygous and superior pulmonary veins.

These various nerves consist of both ef-

ferent and afferent fibers which when stimulated induce
direct and/or reflex bradydysrhythmias.

In some in-

stances, incorporation of sympathetic fibers only further complicate the result of stimulation, and simultaneous atrial tachydysrhythmias have appeared concurrently with ventricular bradydysrhythmia.
An example of the efferent and afferent components of a bradydysrhythmia induced by right thor-

acic vagal nerve stimulation is illustrated in Figure
22.

The nerve stimulated was a branch of the main

vagal trunk which .:lrose 4 em distal to the caudal
cervical ganglion (it corresponds to one of the caudavagal nerves of Mizeres)

(150).

In Figure 22, the control rhythm had a cycle
length of 480 msec (heart rate 125/min) and the pacemaker was located nearest the S-A nodal electrode with
an A-H interval of 95 msec and an H-V interval of 35
rnsec (both within normal limits).

The right atrial

activation pattern was from superior to inferior.
Stimulation (20 Hz, 5 ms, 4 volts) of this major
branch of the right thoracic vagus induced virtual
cardiac asystole with left cervical vagus intact or
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FIGURE 22
BRADYDYSRHYTHMIAS INDUCED BY DIRECT AND REFLEX
STIMULATION OF A RIGHT VAGAL CARDIAC NERVE

cs

l-

l

Direct and ipsilateral reflex effects of stimulati on of a right vagal cardiac nerve. Abbreviations as
in F igure 16.
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sectioned.

There was only one escape beat during the 15

second stimulation and it is shown in the middle panel
of Figure 22.
trograms

From analysis of the ventricular elec-

(RV before LV), the widened QRS of the ECG,

and the inverted His depolarization, it was postulated
that this lone escape beat originated in the right bundle branch.

This ventricular escape impulse coursed

craniad and depolarized the right atrium in a caudal
to craniad direction (the CS electrode before the S-A
electrode).
In the right panel of Figure 22, stimulation of
this same right vagal branch after right cervical vagotomy (and therefore elimination of the ipsilateral
reflex route) resulted in S-A nodal bradycardia with a
cycle length of 810 msec (heart rate 74/min).

The A-H

interval was only slightly shortened, indicating little
or no blockade of A-V nodal conduction, and the H-V interval was control 35 msec.
Since virtual cardiac asystole was induced by a
combination of both direct efferent stimulation of this
right vagal branch, as well as by ipsilateral reflexes,
stimulation of the distal end of the right cervical
vagus (20 Hz, 5 ms, 4 volts) was also expected to induce
virtual cardiac asystole.

However, in Figure 23, this
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FIGURE 23
VAGAL ESCAPE DURING STIMULATION OF THE DISTAL
RIGHT CERVICAL VAGUS
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t runk. Abbreviations and time lines as in Figure 16.
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stimulation of the right thoracic vagus actually resulted in an impulse originating in the A-V node ( 11 a"
component of His electrogram) with increased AV nodal
conduction rate (A-H interval 85 msec) and normal H-V
interval of 35 msec.

This was followed by an impulse

vdth depressed AV nodal conduction (A-H interval 175

rosec), altered pacemaker location (AIN), and prolonged
H-V interval (140 msec).

The ventricular electrograms

again indicated right bundle branch escape.

A final

coronary sinus impulse occurred witn complete heart
block above the His bundle.

This was followed by a

2.5 second period of asystole, then a right bundle
branch escape as previously observed, except for the
unexpected craniad to caudad right atrial activation
pattern.
The previous bradydysrhythmia was typical of
those induced by stimulation of the numerous vagal
branches in the right thorax, excepting varying degrees of reflex components and efferent bradycardia
for each nerve.

An example of a cardioinhibitory

nerve whose effects were only reflexly mediated is illustrated in Figure 24.
The 8 electrograms were from lead II ECG, left
atrium, right ventricle, posterior, middle and anterior
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FIGURE 24
REFLEXLY INDUCED HIS BUNDLE DYSRHYTHMIA
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Re fl exly induced His bundle rhythm with stimula-

tion o f a r ight vagal cardiac nerve. Abbreviations as
in Figure 14. RV = right ventricle epicardiogram.
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internodal pathways, S-A node, and His bundle.
· c"

The first

panel illustrates control impulses in which the pacemaker was located nearest the MIN electrode with a cycle
length of 540 msec (heart rate 111/min); theA-Hinter~
val was 70 msec and the H-V interval was 35 msec.

Stim-

ulation (20 Hz, 5 ms, 4 volts) of a large branch of the
right thoracic vagus at the level of the azygous vein
(right panel) induced a His bundle rhythm.

The first

depolarization was nearest the His bundle with a cycle
length of 675 msec (heart rate 88/min).

From this point

the depolarization spread retrograde to the right atrium
(PIN-MIN-AIN-SA node in sequence) and antegrade to the
ventricles; note that the ventricular component of the
His electrogram had the.same configuration as in the
control cycle, thereby emphasizing the superior location of the pacemaker.

However, the His pacemaker ap-

pears to have been reflexly induced since right (ipsilateral) cervical vagotomy eliminated it.

There was no

measureable efferent effects when this large nerve was
stimulated after cervical vagotomy, thus amplifying the
fact that it carried afferent fibers craniad in the
vagus.

It could not be determined if the efferent limb

of the reflex was in the left or right vagus since sectioning of the ipsilateral right vagus eliminated the

'I

!'I

i

i
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afferent limb of the reflex.

The efferent limb was con-

ceivably the left vagus or stellate since right side
stimulation seldom induced His rhythm tachycardia or
bradycardia.
Vagal escape can also be analyzed by means of
multiple local electrograms.

In Figure 25, the elec-

trograms were recorded after bilateral cervical vagotomies and during stimulation of the right thoracic vagus at a point distal to the caudal cervical ganglion.
cardiac asystole was induced early in the stimulation
and lasted until this group of impulses developed near
the end of the stimulation.

The first depolari_zation

sequence arose from a pacemaker nearest the S-A electrode; the A-H interval was 90 msec and the H-V interval was 35 msec.

The second atrial depolarization

originated 175 msec later, this time from near the AIN
electrode, but was blocked in the A-V node above the
His bundle.

The final atrial impulse again arose near

the AIN electrode with an A-H interval of 140 msec and
the H-V interval was 35 msec.

The left ventricular elec-

trogram preceded the right ventricular electrogram by 50
msec and the QRS complex \vas inverted indicating partial
right bundle branch blockade.

A long period of asystole

i.i
I

followed.
.1!1'

,,
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FIGURE 25
SUPRAVENTRICULAR VAGAL ESCAPE IMPULSES DURING STIMULATION
OF THE DISTAL RIGHT THORACIC VAGUS

Supraventricular vagal escape bursts during stimu lation of the right distal thoracic vagosympathetic
t runk. Abbreviaiions as in Figure 16.
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The bottom half of this Figure demonstrates a second series of rapid depolarizations 800 msec after the
vagal stimulation was terminated.

The first impulse

arose nearest the S-A node electrode; the A-H interval
was 90 msec and H-V interval 35 msec.

The second im-

pulse originated nearest the AIN electrode and was
blocked above the His bundle.

The third impulse arose

nearest the AIN electrode, and the A-H and H-V intervals
were normal, although partial right bundle branch blockade was indicated in the ECG and ventricular electrograms.

The mechanism of the right bundle branch block

is unknown but might be due to partial block of the impulse in only a part of the A-V node with selective
Purkinje system activation.

After a 500 msec atrial

period of asystole, a normal S-A nodal rhythm resumed
(cycle length 500 msec; A-H interval 90 msec and H-V interval 35 msec) •
In summary, stimulations of the right thoracic
vagal nerves have indicated cardiac innervation via
many nerves which carry efferent and afferent information.

The induced bradydysrhythmias from the nerve

stimulations were a combination of direct pacemaker
depression and reflex depression of the A-V node.

CHAPTER V

DISCUSSION

The influence of the autonomic nervous system
upon cardiac rate and rhythm is well documented.

Sym-

pathetic activation increases chronotropic, dromotropic,
and inotropic mechanisms whereas parasympathetic activation decreases chronotropic, dromotropic, and inatropic mechanisms (1, 83, 91, 132, l72).

The partici-

pation of the autonomic nervous system in cardiac dysrhythmias is less clear.

During arrhythmias it is dif-

ficult to separate the cause and effect relationships
of the autonomic nervous system response with the genesis and maintenance of the arrhythmia (1).
During dysrhythmias there is irregular heart rate
with subsequent irregular stroke volume.

This irregular

cardiac output generally results in decreased systemic
blood pressure {80, 179).

This decrease in blood pres-

sure evokes the well known baroreceptor reflexes (81)
which tend to increase total peripheral resistance and
115
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increase sympathetic activity to the heart.

However,

thiS reflexly induced cardiac sympathetic activity may
in turn be a positive feedback mechanism which continues
(not terminates) the dysrhythmia.

Evidence for sympa-

thetic activation predisposing to the genesis of arrhythmias was demonstrated by Moe, Han, and Mendez (72,
148, 155).

In their work, the temporal dispersion (or

asynchrony or cardiac repolarization) increased with
sympathetic stimulation.

This sympathetically induced

asynchrony was thought due to inhomogeneous distribution of the sympathetic fibers to the heart.

This in-

homogeneous or localized innervation has been well
documented by Randall and his colleagues (56, 171, 172).
Furthermore, due to the homogeneous blood supply to
the heart, intravenously administered autonomic neurotransmitters decrease temporal dispersion, that is increase synchrony (71, 72).

The disposition of auto-

nomic influences upon cardiac synchrony is critical
for re-entrant type arrhythmias.

With a re-entry me-

chanism, maximum dysynchrony must be achieved.

When

one area of the heart is depolarized another area must
be repolarized, that is, to some degree out of phase.
!his gap of repolarized tissue is critical for the
occurrence of circus type movement (74).

117
The role of the parasympathetic nervous system in
re-entrant type arrhythmias is unknown.

However, it is

possible that slow conduction and apparent one-way block,
the two conditions which are necessary for re-entry (35),
might be induced in the ventricles.

Because of the

sparse parasympathetic innervation of the ventricular
myocardium and Purkinje system, direct or reflex discrete activation of the cardiac parasympathetic nerves
might release sufficient localized acetylcholine to
produce transient local depressed conduction velocity
and complete block (Figure 26).

The transient acetyl-

choline effects will appear as the necessary one-way
block of a re-entry pattern.

Furthermore, the nega-

tive chronotropic effects of cardiac parasympathetic
activation may reduce intrinsic heart rates which will
allow a re-entrant impulse to become dominant.
In addition to reflex cardiac sympathetic activation due to the arrhythmia induced hypotension,
numerous cardiac receptors might be activated or deactivated by an arrhythmia.

The information (impulse

traffic) from these receptors courses afferently in the
individual cardiac sympathetic and parasympathetic
nerves (9).

The modulation of afferent fiber traffic

may be in peripheral ganglia, the spinal cord, and/or
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Fig.26 Hypothetical Parasympathetic
Induction of Reentry
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FIGURE 26
LEGEND

Hypothetical mechanism in which critically discrete parasympathetic activation (direct or reflex) induces ventricular reentry tachydysrhythmia. Critical
timing is required in that the conducted impulses from
the atria are sufficiently slow so as not to preempt
the re-entrant impulse. Furthermore, the duration of
the parasympathetically released acetylcholine (ACh)
must be sufficient to block the antegrade impulse but
brief enough fas terminated by the acetylcholinesterase
(AChE)] so as not to block the re-entrant retrograde impulse. Depressed conduction (by ACh) in nearby pathways
may or may not be necessary depending upon the length
and conduction velocity of the re-entrant route.

r
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at various levels of the brain (personal communication
with J.A. Armour}.

The efferent pathways of the auto-

nomic reflex are also in the individual sympathetic and
parasympathetic cardiac nerves.

The effects of these

reflex efferent responses upon the arrhythmia or the
mechanism underlying the arrhythmia are essentially
unknown.
In the experiments reported here in which electrical stimulation of the ventrolateral cardiac nerve
(VLCN} induced cardiac tachydysrhythmias, blood pressure effects and cardiac receptor alterations caused
by the dysrhythmia did not alter the induced dysrhythmia.

This apparent lack of reflex effect upon the

tachydysrhythmia is demonstrated by the lack of effect
of decentralization of the vagus nerves and stellate
ganglia upon the induced tachydysrhythmia.

Further-

more, the presence of the tachydysrhythmias while the
dogs were on total cardiopulmonary bypass with externally maintained systemic blood pressure, negates
any blood pressure reflex influences upon the induced
tachydysrhythmia.
In the neurally induced bradydysrhythmias reported here, blood pressure was again controlled by
the bypass procedure.

The bradydysrhythmias however
'I.

,
1
'
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~ere

profoundly influenced by vagal reflexes and there-

fore any reflexes evoked by cardiac receptors cannot and
should not be discounted.
The participation of the autonomic nervous system
in arrhythmias generated by brain stimulation has been
~ell

documented (87, 145).

Manning has induced cardiac

arrhythmias with hypothalamic stimulation and these arrhythmias were attenuated or abolished by vagotomy and
stellatectomy (143, 144).

Furthermore, every medical

student has demonstrated the brain - heart relationship in the student lab when he elevates the dog's intracranial pressure and induces cardiac dysrhythmias
(199).

Any hospital emergency room can document the

bigh incidence of cardiac dysrhythmias following cerebral vascular accidents or skull injuries.
The participation of the autonomic nervous systern in arrhythmias following cardiac infarct has been
reported and explored by a number of investigators (61,

77, 205).

Surgical removal, catecholamine depletion

and pharmacological blockade of the sympathetic nervous
system all decrease the incidence of dysrhythmias following coronary occlusion.
The VLCN induced tachydysrhythmias reported here
represent the first animal model for tachydysrhythmias
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in which coronary occlusion or central nervous system
stimulation or noxious chemical [aconitine (167)] are
not necessary for induction of the cardiac tachydysrhythmia.
Recently, Geesbreght, utilizing unipolar electrograms and His bundle recordings, has documented the
influence of stellate stimulation upon pacemaker location, heart rate, and A-V conduction (54).

Goldberg,

utilizing bipolar electrograms and His bundle recordings·, has further defined the discrete effects upon
cardiac rate and rhythm of stimulation of the decentralized individual cardiac nerves (64).

In these two

studies, the cardiac nerves were stimulated in the
thorax near their ganglionic site of origin and the incidence of tachydysrhythmias was minimal.

Pacemaker

shifts, heart rate changes, and alterations in A-V
conduction were induced but the unique tachydysrhythmias reported here were not demonstrated.

These dif-

ferences are probably due to the site of stimulation
of the nerves.

When the VLCN is stimulated in the upper

thorax (Figure 4 and Goldberg's study) various regional
inotropic effects are induced.

Often the cardiac pace-

maker shifts to more caudal areas of the right atrium,
but it may remain in the S-A node and be accelerated.

L

123
These varying effects can be interpreted to result from
activation of the individual branches of the VLCN which
maY innervate the S-A node as well as more inferior right
atrial regions

(Figure 1).

By stimulating the VLCN in

the pericardium (or at least low in the thorax), few if
any fibers to the S-A node area activated and the resulting tachydysrhythmias arise from areas inferior to
the S-A node.
Because of the proximity of the pericardia! VLCN
to left atrial and ventricular myocardium, precautions
were taken and testing was performed to eliminate any
possibility of current spread from the Porter stimulating electrode to the myocardium.

The isolated VLCN

was always pulled through a pericardia! slit so that
the electrodes would not touch the heart.

If and when

the electrodes did accidentally touch the heart, ventricular fibrillation always occurred.

If the VLCN

craniad to the electrodes was surgically severed, no
changes in the induced tachydysrhythmias was noted.
However, surgical severence of the VLCN caudal to the
electrode along with tissue reanastomosis [according to
the Geis denervation technique {55)] always blocked VLCN
induced tachydysrhythmias.

Furthermore, topical injec-

tion of lidocaine anesthetic into the pericardia! VLCN,

'I

I~ ' I
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caudal to the stimulating electrode, always prevented VLCN
indu.ced tachydysrhythmias.
press,

Finally, Gillis (Science, In

1974) and Urthaler (219) have reproduced the VLCN

tac~ydysrhythmia.

Gillis was able to eliminate the pos-

sibLlity of current spread by emersing his electrodes
in

~ineral

oil while Urthaler induced the tachydysrhyth-

mia by stimulating the low thoracic VLCN, a greater distan~e

from the myocardium than the pericardia! VLCN.
The mechanism of the tachydysrhythmias is most

likely establishment of ectopic foci due to changes in
ionLc permeabilities induced by VLCN stimulation.

The

actLvation patterns of multiple right atrial electrograns .are interpreted as patterns caused by a single
foca.s.

Similar activation patterns can be induced by

ele~trical
tro~es

pacing of the heart from the caudal elec-

of the right atrium.

Re-entry patterns may ap-

pear as sequences, i.e. PIN-MIN-SA-AIN-"a 11 -PIN, that is,
an Lmpulse arising at a point, conducting along a given
pat~

and then returning to the starting point by another

pat~.

Induced patterns were generally interpreted to

reseroble multidirectional
and

i~pulse

spread, i.e. PIN-MIN

"a" -SA and AIN, that is, an impulse conducting from

a Pe>int to distal points by multiple pathways and not
retQrning to the starting point.

Furthermore, surgical
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severance of the PIN, MIN, AIN, and A-V node which would
conceivably eliminate any right atrial macro-re-entry
routes
mias.

(106) does not block induced VLCN tachydysrhythWhether a micro-re-entry circuit exists near the

coronary sinus or A-V node is unknown.

If such a micro-

re-entry circuit (that is, a circuit for re-entry which
involves only a small amount of tissue or even a few
cells} is responsible for the VLCN tachydysrhythmias,
its right atrial activation pattern could resemble the
patterns of an ectopic focus.

Because of the continu-

ance of some tachydysrhythmias for minutes after VLCN
stimulation has ceased, the existence of a re-entry
mechanism should not be discarded.
The variation of VLCN tachydysrhythmias which
were induced indicates the existence of widely

sepa~

rated individual terminal VLCN innervation in the dogs.
It could not be predicted whether pericardia! VLCN stimulation would induce an MIN rhythm (Figure 10) or a
ventricular rhythm (Figure 12) or any other type, i.e.
PIN, AIN, His, A-V node (Table I).

However, if the

"A-V junctional" area can include His, A-V node, PIN,
and MIN rhythms, then approximately 70% of the tachydysrhythmias induced in the analysis study (Table I)
were from this area.

This high percentage reflects
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the general innervation pattern of the VLCN which apparently supplies the overall "A-V junctional" region.
The influence of VLCN stimulation upon A-V nodal
conduction appears to be minimal.

Moderate tachydys-

rhythmias in which the atrial rate increased 10 to 20%
were characterized by normal A-H intervals and 1:1 A-V
conduction.

However, with very rapid atrial

tachydys~

rhythmias A-V nodal conduction was severely impaired and

I

often first and second degree heart block occurred.
This rate effect (45, 160) can be seen in Figure 10 in
which the prolonged A-H inter.val indicative of first
degree heart block becomes a 4:3 Wenckebach rhythm, then
3:2 Wenckebach and finally 2:1 second degree heart block
when the atrial rate exceeds 400/min.

Similarly, the

rapid post-stimulatory rate in Figure 13 results in
irregular A-V conduction which worsens with atrial fi-·
brillation.

It is therefore concluded that most if not

all of the impaired A-V conduction seen with VLCN stimulation results from rapid atrial rhythms

(22, 38, 45).

In addition, atropine blockade of cholinergic muscarinic receptors does not abolish the depressed A-V
conduction seen with VLCN stimulation.
To date, all pharmacological attempts to block
VLCN-cardiac junctions have failed.

The anatomical
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origin of the VLCN at the junction of the left anterior
ansa and caudal cervical ganglion dictates the VLCN be
defined as a sympathetic nerve (151).

However, due to

the VLCN course parallel to the thoracic vagus and the·
numerous VLCN-vagus interconnections, it must be defined
as a mixed nerve.

Whether these interconnections in-

volve parasympathetic preganglionic fibers or additional
sympathetic fibers is not known.

Denervation studies,

now under investigation, indicate that left cervical
vagus stimulations which induce A-V junctional rhythms
can be abolished by VLCN dissection.

These results

suggest that the vagal interconnections with the VLCN
contain predominantly sympathetic fibers.

There is

little possibility that these fibers are afferent
nerves since Armour has shown that the VLCN is almost
i'l,l

entirely an efferent pathway (9).

I il

ill,!

If the VLCN is anatomically defined as a mixed

,'1

autonomic nerve then the conventional autonomic neurotransmitters should be expected to be released at the
VLCN terminals.

The neurotransmitters are norepineph-

rine and acetylcholine which in pharmacological concept interact with various alpha and beta adrenergic
receptors as well as both muscarinic and nicotinic
cholinergic receptors (68).

The receptors may be

I

,1·'1
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10 cated on cardiac ganglion cells or on the various pacemaker, transitional, Purkinje and working myocardial
cells of the heart.
Stimulation of individual limbs of the autonomic
nervous system results in changes in cardiac inotropic,
chronotropic, and dromotropic mechanisms.

These changes

may be due to direct alterations in ion permeability by
the directly released neurotransmitters (91) or the
changes may be via indirect neural interactions.

These

indirect sympathetic-parasympathetic interactions have
been described by Levy in terms of "accentuated antagonism" and "reciprocal excitation" (133}.

In "accen-

tuated antagonism vagal fibers exert inhibitory effects on myocardial and pacemaker celis whereas sympathetic fibers produce fascilatory effects.

)

(

I
ill

ACh li-

berated at vagal endings may diminish the quantity of
NE released at postganglionic terminals and inhibit the

,,i':l
II

II
',I

accelerated rate of cyclic AMP synthesis in myocardial
cells initiated by NE liberated during sympathetic
neural activity."

This mechanism is not indicated in

VLCN dysrhythmias since atropine is ineffective in
blocking the tachydysrhythmias.

However, this mechan-

ism may be functional in explaining the regional inotropic effects of thoracic VLCN stimulation (Figure 4),
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since atropine was not administered before these effects
were induced.
According to Levy, false reciprocal excitation
"can occur as a consequence of the presence of cardiac
sympathetic fibers in a combined vagosympathetic trunk,
or as the result of direct cardiostimulatory, as well
as cardioinhibitory influences of ACh on the cardiac
cells.

The cardiostimulatory effects of ACh may be

ascribable to an increase in the permeability of the
cardiac cell membrane to calcium"

(133).

Again, this

mechanism is probably not the underlying cause of VLCN
tachydysrhythmias since the tachydysrhythmias are
atropine resistant and also resistant to the calcium
current blocking agents verapamil and apridine
(Table II).
With true reciprocal excitation "vagal activity
can evoke cardiostimulatory responses by releasing NE
from (1) chromaffin cells, or {2) postganglionic sympathetic nerve terminals in response to the ACh released during vagal activity.

Also, cardiac sympathe-

tic activity can elicit the release of ACh from postganglionic parasympathetic fibers by virtue of the action of NEat some presynaptic alpha-receptor"

(133).

Finally, this mechanism also fails to explain VLCN
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induced tachydysrhythmias since atropine, propranolol,
and phentolamine all fail to block VLCN tachydysrhythmias

(Table II).
Not wishing to postulate a new receptor and/or

t

neurotransmitter, efforts were made to more completely

I
'
l

concentrate the blocking agents and antiarrhythmic
agents at the VLCN-cardiac junction.

Since most of the

VLCN induced tachydysrhythrnias were generated near the
A-V junctional area (Table I) and since this area is
perfused by the A-V nodal artery (53, 158), the drugs
were administered via this artery.
After isolation_of the artery from the distal
circumflex coronary, ACh perfusion into the artery was
performed to verify the functional perfusion of the
A-V node.

Unless transient first or second degree

heart blocks were induced, the perfused artery was not
considered to perfuse the A-V node (Figure 14).

After

isolation and positive verification of the A-V nodal
artery, VLCN stimulation still induced a tachydysrhythmia identical to control tachydysrhythmia (Figure
15).

This re-induction of the identical tachydysrhyth-

mia indicated that the dissection and isolation of the
A-V nodal artery from the circumflex coronary did not
transect or damage the tachydysrhythrnia responsible
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fibers.
Perfusion of the A-V nodal artery with blocking

I

agents and anti-arrhythmic agents in concentrations far
in excess of previous investigations which were

suffi~

t

cient for blocking purposes (112, 113), still failed to

l

prevent the VLCN induced tachydysrhythmias

t

(Figure 15).

Finally, perfusion of the A-V nodal artery.with anesthetic lidocaine blocked the lower right atrial tachydysrhythmia but not all tachydysrhythmias, and a new focal

1

tachydysrhythmia arose higher in the (non-perfused)
right atrium (Figure 15).

This ne'i.v tachydysrhythmia ex-

plains two previous observations concerning VLCN induced tachydysrhythmias.

First, the VLCN has numerous

terminal innervations from which a focal tachydysrhythmia; may arise.

Which ectopic focus predominates varies

bet'i.veen animals (Table I) and within one animal, depending upon which fibers of the VLCN are stimulated (Figure
9 and Table I).

Hence, multiple foci were generated

from the AIN (Figure 9) dovm to the ventricle {Figure
12).

Submaximal stimulation might activate some fibers

to one area and when maximal, fibers to another area
(Table I) •
The second observation explained by the shifted
focus in Figure 15 is the mechanism of VLCN induced
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tachydysrhythmias blockade by lidocaine and procaine
(Table II).

These agents have been shown to exhibit

anti-arrhythmic activity in vitro {13) but their mechanism of action against VLCN tachydysrhythmias appears related to their anesthetic properties.

I

further demonstrated by the total prevention of VLCN
tachydysrhythmias by lidocaine injection into the VLCN.
Other agents which block neural activity also

t

prevent VLCN tachydysrhythmias.

t

1

This is

Urthaler has abol-

ished VLCN induced His rhythms (similar to Figure 11)
by injection of tetrodotoxin (TTX) into the AV nodal
artery (219).

Tetrodotoxin blocks neural activity by

inhibition of membrane sodium channels (119).

Failure

of a new ectopic focus to arise outside of the perfused area (as in Figure 15) may be due to Urthaler's

tl
l

stimulation of the VLCN in the thorax where only His
bundle directed fibers were stimulated or due to direct
stabilizing effects upon cardiac membranes by the recirculated TTX (103, 119).
Failure of lidocaine to block all tachydysrhythmias at all times when given systemically (Table II)
may be due to insufficient lidocaine concentration at
all VLCN terminations to achieve full anesthetic effects.

' 1'1

133

'
'
i
J

I

l
I
I

This failure of standard agents which block alpha
and beta adrenergic receptors and muscarinic and nicotinic cholinergic receptors to prevent VLCN induced tachydysrhythmias indicates that an additional cardiac receptor might be activated by the VLCN.

The assumption of a

catecholamine or acetylcholine mediated "synapse" has
been challenged by the VLCN tachydysrhythmias.

Preli-

minary blockade of the VLCN by reserpine or reserpine
and alpha blocker indicated a catecholamine mechanism
{Figure 8).

However, reserpine in addition to catecho-

lamine depletion also produces widespread cellular damage
and biochemical alterations (24, 104, 118).

A less

toxic adrenergic depletor is· 6-hydroxydopamine.

This

agent is specific for catecholamine neurons and when
administered with alpha and beta blocking agents can
release and deplete all catecholamines in a few hours.
However, this agent also fails to prevent VLCN induced
tachydysrhythmias {personal communication, Dr. R.A.
Gillis).
It was noted that with strong vagal stimulation
in a totally reserpinized dog, no vagal escape beats
were generated.

This observation implies that cardiac

automaticity is catecholamine dependent.

Urthaler

(cl8) obtained similar data in dogs whose S-A node was
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depressed by an anticholinesterase agent and whose A-V
node was depressed by a beta blocking drug.

In these

animals "A-V junctional" escape \vas greatly diminished.
Automaticity was not completely abolished in Urthaler's
dogs but this may be due to the limited area perfused
by the A-V nodal artery into which the propranolol was
administered.
A final hypothetical explanation for the resistence of VLCN induced tachydysrhythmias to chemical
blockade is :the rejection of a chemical synapse and
neurotransmitter mechanism.
tran~mitter

In place of the neuro-

and "synaptic" junction, is a direct elec-

trical connection of the nerve to the myocardium.

Such

electrical connections are unknown in mammals but have
been demonstrated in lower animal forms.

Definitive

proof for an electrical "synapse" between the VLCN and
myocardium will require precise junctional timing measurements which discard conduction time delay due to
neurochemical diffusion.

Additional anatomical evi-

dence for this electrical "synapse" must also be provided.
In summary, the VLCN induced tachydysrhythmias
represent the first animal model for the neural induetion of tachydysrhythmias (excepting CNS stimulations).
That these tachydysrhythmias are resistant to

13.5

pharmacological prevention implies new mechanism and concepts of autonomic-myocardial transmission.

This model

seems to duplicate the pharmacologic resistent clinical
arrhythmias which are only effected by stellatectomy

I

I

(162).

In this ·study, the direct and reflexly induced
cardiac bradydysrhythmias reveal the diffuse cardiac
innervation by small individual vagal branches.

In gen-

eral, the left thoracic vagal fibers course onto the
heart in the cardiac branches of the left recurrent
laryngeal nerve.

Stimulation of the vagal fibers and

the left thoracic vagus distal to the origin of recurrent cardiac nerve elicit little or no direct or reflex

f

l

l
i

effects on cardiac parameters which were monitored.
Stimulation of the left thoracic vagus craniad to the
origin of the recurrent cardiac nerve after the recurrent cardiac nerve is severed usually elicits only contralateral reflex effects (bradycardia).

These ob-

servations confirm the major vagal route to the heart
in the left thorax to be the recurrent cardiac nerve

I

and its branches.
In the right thorax, cardiac vagal innervation
has no single major route but courses in many fibers
arising from near the right caudal cervical ganglion
·'

1~

caudally to the azygous vein and superior pulmonary vein.
These fibers have been generally grouped into cranio and
caudovagal fibers along with the right recurrent cardiac
nerve (150-152).

'
tI

I

Previous studies have indicated that the left
vagus generally innervates the A-V node while the right
vagus generally innervates the S-A node (28, 70).

The

results in this study tend to confirm these earlier
patterns.

These patterns however, are not absolute

and on occasion, left recurrent cardiac nerve stimulation would reflexly inhibit the S-A node (Figure 16)
and directly aepress the S-A node (Figure 17).

i

~ I

The

left recurrent cardiac nerve inhibited A-V nodal conduction in all but one experiment (Figures 16 and 17).
The intensity of A-V nodal depression was determined by
the individual fiber or branch of the left recurrent
nerve which was stimulated.

First degree heart block

(Figure 21), second degree heart block (Figure 19),
and third degree heart block (Figure 18), were all directly induced by individual stimulations of branches
of the recurrent cardiac nerve.
Heart rate effects produced by left recurrent
cardiac nerve stimulations were variable.
bradycardia was

induced~

Generally,

(Figures 16-18), however,

I

Ij

!
f

I

1
~
I

I
~

!1.1

~
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slight tachycardia could also be elicited by stimulation
of branches of the left recurrent nerve (Figures 19-21).
The mechanism of this tachycardia is unknown but it is
probably due to false reciprocal excitation, that is, ~

l
l
t

due to stimulation of sympathetic fibers in the left recurrent cardiac nerves (133).

Propranolol was not ad-

ministered in any of these experiments to separate sympathetic adrenergic from parasympathetic cholinergic
effects.
Stimulation of the individual right thoracic cardiac vagal fibers seldom depressed A-V nodal conduction.
When this A-V conduction depression did occur with right
vagal nerve stimulation, it could be abolished by cervical vagal sectioning which eliminated the reflex

l

1

routes of its induction.

Similarly, the establishment

of His bundle rhythms with stimulation of right vagal
nerves was generally reflexly mediated (Figure 24).
The greatest effects of right vagal nerve stimulation were upon heart rate.
direct and reflexly mediated.

These effects were both
The reflex effects upon

the S-A node were ipsilateral, that is, both afferent
and efferent pathways were in the right vagus.

It must

be noted that cervical vagus sectioning does not
minate vago-vagal reflexes or even vagosympathetic

eli-
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reflexes which may be mediated in the peripheral ganglia.
rn this study, these local reflexes, if present, would be
interpreted as direct efferent innervation effects.
That these heart rate effects produced by right·
vagal nerve stimulation were both direct and reflexly
mediated is illustrated in Figure 22.

The direct ef-

ferent bradycardia is severe but not nearly as complete
as the total asystole evoked with the direct and reflex
effects.

Reproduction of the direct and ipsilateral re-

flexly induced asystole is illustrated in Figure 23.

Stim-

ulation of the distal right cervical vagus will activate

I

the direct and reflex pathways and reproduce the asystole
·with right bundle branch escape seen in Figure 22.

How-

ever, the development of an asystolic condition in Figure
23 requires time for generation of three right atrial impulses from non-SA nodal sites.

These impulses were con-

ceivably elicited by stimulation of sympathetic fibers
coursing in the vagus nerve.
In summary, the vagal nerve innervation of the
I

heart by way of small vagal branches has been analyzed
for both its direct and reflex effects.
along with studies by Geis (56)

~ave

This study

permitted the de-

velopment of a customized cardiac parasympathectomy denervation technique (manuscript accepted, 1974).

CHAPTER VI
SUMMARY AND CONCLUSIONS

Cardiac tachydysrhythmias were induced in anesthetized dogs by electrical stimulation of the ventre-·
lateral cardiac nerve at the level of the pulmonary
veins.

Electrograms were recorded from myocardial seg-

ments including areas near the S-A node, anterior, middle, and posterior internodal pathways, the A-V nodal
region (His bundle electrogram), and the ventricles.
Stimulation of the VLCN induced a variety of supraventricular and ventricular tachydysrhythmias.

These in-

cluded A-V junctional rhythms from the A-V node, posterior and middle internodal pathways, and His bundle.
Ventricular pacemakers, Mobitz type I

(Wenckebach),

and first and sepond degree heart block were also induced with VLCN stimulation.

The tachydysrhythmias

were interpreted as arising from ectopic foci located
in the lower right atrium - upper ventricular septal
area.

These neurally induced tachydysrhythmias resemble
139

I

II~
II'
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spontaneous arrhythmias in man, thus suggesting the passibility that arrhythmias in the human subject may be
of similar autonomic nervous origin.
Standard pharmacological blocking agents such as
intravenous atropine, propranolol, and phentolamine did
not abolish the induced tachydysrhythmias.

Nor did in-

travenous antiarrhythmic agents such as quinidine, dig-

t

oxin, or diphenylhydantoin prevent the VLCN induced
tachydysrhythmias.

1

Selective administration of these

blocking agents and anti-arrhythmic drugs via the A-V
nodal artery also failed to prevent the VLCN induced
tachydysrhythmias.

Only local anesthetic agents such

as lidocaine and procaine were successful in preventing
these tachydysrhythmias.

It is therefore concluded

that these neurally induced tachydysrhythmias are mediated by previously unknown non-adrenergic and noncholinergic autonomic mechanisms or direct electrical
connection between the VLCN and the cardiac tissue.
Alterations in

card~ac

pacemaker location, rate

of discharge, and A-V conduction patterns were induced
in anesthetized dogs by electrical stimulation of the
thoracic vagi and their small cardiac branches before
and after cervical vagotomy.

Direct and reflexly in-

duced bradydysrhythmias were analyzed with multiple

141
local cardiac electrograms.
left recurrent cardiac

ne~ve

Electrical stimulation of the
and its branches induced

both direct and reflex effects on S-A nodal cycle length,
while A-V nodal conduction velocity was decreased in
varying degrees, depending upon the recurrent cardiac
branch which was stimulated.

Stimulation of individual

right vagal branches induced direct and ipsilateral reflex bradycardia, asystole and shifts in atrial pacemaker location.

A-V nodal effects and induced His bun-

dle rhythms. with right vagal nerve stimulation were
mediated via contralateral vagal reflexes.

•

I

I

BIBLIOGRAPHY

1.

Abildskov, J.A. Electrocardiographic wave form and
the nervous system. Circ. 41:
371-373, 1970.

2.

Abildskov, J.A., K. Millar, and M.J. Burgess. Atrial
fibrillation. Am. J. Cardiel. 28:
263-267, 1971 •

3.

Alanis, J., H. Gonzalez, and E. Lopez. The electrical activity of the bundle of His. J. Physiol.
142: 127-140, 1958.

4.

Alan1s, J., E. Lopez, and J. Pul1do. The H potential
and the conduction velocity of the bundle of His.
J. Physiol. 147:
315-324, 1959.

5.

Alessi, R., M. Nusynowitz, J.A. Abildskov, and G.K.
Moe. Nonuniform distribution of vagal effects on
the atrial refractory period. Am. J. Physiol.
194:
406-410, 1958.

6.

Anderson, R.H. Histologic and histochemical evidence
concerning the presence of morphologically distinct cellular zones within the rabbit atrioventricular node. Anat. Rec. 173:
7-24, 1972.

7.

Anderson, R.H. The disposition, morphology and innervation of cardiac specialized tissue in the
guinea-pig. J. Anat. 111:
453-468, 1972.

8.

Anton, A. and D.F. Sayre. A study of the factors affecting oxide-trihydroxylindole procedure for the
analysis of catecholamines. J. Pharm. & Exptl.
Therap. 138:
360-274, 1962.

..

~

.

~

142

143
9.

1

Armour, J.A. Physiological behavior of thoracic cardiovascular receptors. Am. J. Physiol. 225:
177185, 1973.

10.

Bachmann, G. Inter-auricular time interval.
Physiol. 41:
309-320, 1916.

Am. J.

11.

Bekheit, s., J. Murtagh, and E. Fletcher. Effect of
lignocaine on conducting system of human heart.
Brit. Heart J. 35:
305-311, 1973.

12.

Benitez, D., D. Mascher, and J. Alanis. The electrical activity of the bundle of His. Pflug.
Arch. 345: 61-72, 1973.

13.

Bigger, J.T. and R.H. Heissenbuttel. The use of procaine amide and lidocaine in the treatment of cardiac arrhythmias. Prog. Cardiovasc. Dis. 11:
515-534, 1969.
-

14.

Bigger, J.T. and W. Mandel. Effect of lidocaine on
the electrophysiological properties of ventricular muscle and Purkinje fibers. J. Clin. Invest.
49: 63-77, 1970.

15.

Bigger, J.T. and E. Giardine. The pharmacology and
clinical use of lidocaine and procaine amide.
Med. Col. Virginia Quart. ~:
65-76, 1973.

16.

Brown, D.F. Bradyarrhythmias. In: Cardiac Arrhythmias. Ed., J. Han. Springfield: C.C. Thomas,
1972.

17.

Burn, J.H. and M.J. Rand. The action of sympathomimetic amines in animals treated with reserpine.
J. Physiol. 144: 314-336, 1958.

18.

Burnstock, G. Purinergic nerves.
509-581, 1972 •

.19.

van Capelle, Frans J.L., M.J. Janse, P.J. Varghese,
G.E. Freud, and D. Durrier. Spread of excitation
in the atrioventricular node of isolated rabbit
hearts studies by multiple microelectrode recording. Circ. Res. 31: 602-616, 1972.

Pharm. Rev. 24:

144
20.

Carvalho, Paes de, W.C. deMello, and B.F. Hoffman.
Electrophysiological evidence for specialized fiber types in rabbit atrium. Am. J. Physiol. 196:
483-488, 1959.

21.

Carvalho, Paes de. Cellular electrophysiology of the
atrial specialized tissues. In: The Specialized
Tissues of the Heart. Eds., Paes de Carvalho, w.
deMello, and B.F. Hoffman. New York: Elsevier,
1961, p. 115.

22.

Castellanos, Jr., A., C.A. Castillo, and A.S. Agha.
Contributions of His bundle recordings to the
understanding of clinical arrhythmias. Am. J.
Cardiel. 28: 498-508, 1971.

23.

Castellanos, Jr., A., R. Iyengar, A.S. Agha, and
C.A. Castillo. Wenckebach phenomenon within the
atria. Brit. Heart J. 34: 1121-1126, 1972.

24.

Cavero, I., B. Jandhyala, and J. Buckley. Prolonged
effects of reserpine administration on adrenoceptor activity in dogs. J. Pharm. Pharmac. 23:
988-989, 1971.

25.

Chen, G., C.R. Ensor, D. Russell, and B. Bohner.
The pharmacology of 1-(1-phenylcyclohexyl) piperidine • HCL. J. Pharm. & Exotl. Therap. 12 7:
241-250, 1959.

26.

Chiba, s. and K. Hashimoto. Coronary sinus rhythm
induced by selective use of catecholamine in the
in situ dog heart. Jap. Heart J. 13: 438-444,
197~

27.

Chiba, s. and K. Hashimoto. AV block and atrial
fibrillation induced by acetylcholine into the
AV node artery of the dog. Arch. Internat. de
Pharm. et de Therap. 201:
381-388, 1973.

28.

Cohn, A.E. and T. Lewis. The predominant influence
of the left vagus nerve upon conduction between
the auricles and ventricles in the dog. J.
Exptl. Med. 18:
739-747, 1913.

145
29.

Coltart, D.J. and S.J. Meldrum. Beta blockade and
the cardiac action potential. Arch. Tnternat.
Pharm. Therap. 192: 188-197, 1971.

30.

Copenhaver, W. and R.C. Truex. Histology of the
atrial portion of the conducting system in man
and other mammals. Anat. Rec. 114: 601-626,
1952.

31.

Corr, P.B. and R.A~ Gillis. Role of the vagus nerves
in the cardiovascular changes induced by coronary
occlusion. eire. 49:
86-97, 1974.

32.

Cox, R. Influence of chloralose anesthesia on cardiovascular function in trained dogs. Am.· J.
Physiol. 223: 660-667, 1972.

33.

Cranefield, P.F. and B. Hoffman. Reentry: Slow conduction, sununation and inhibition. Circ.· 44:
309311, 1971 •.

34.

Cranefield, P.F., A.L. Wit, and B. Hoffman. Genesis
of cardiac arrhythmias. Circ. 47: 190-204, 1973.

35.

Cranefield, P .F. Ventricular fibrillation.
England J. Med. 289:
732-736, 1973.

36.

Cranefield, P.F., R.S. Aronson, and A.L. Wit. Effect of verapamil on the normal action potential
and on a calcium dependent slow response of canine
cardiac Purkinje fibers. Circ. Res. 34: 204-213,
1974.

·1

Ne'IIT

·37.

Damato, A.N., S.H. Lau, and G.A. Bobb. Studies on
ventriculo-atrial conduction and the reentry phenomenon. C~rc. 41:
423-435, 1970.

38.

Damato, A.N., J.J. Gallagher, R.N. Schnitzler, and
S.H. Lau. Use of His bundle recordings in understanding A-V conduction disturbance. Bull. N.Y.
Acad. Med. 47: 905-922, 1971.

39.

Damato, A.N. and S.H. Lau.
40: 527-534, 1969.

His bundle rhythm.

Circ.

146
40.

Danilewsky, B. Experimentelle Beitrage zur Physiologie des Gehirns. Pflug. Archiv. Ges. Physiol. 11:
128-138, 1875.

41.

Davis, L.D. and J. Temte. Effects of propranolol on
the transmembrane potentials of ventricular muscle
and Purkinje fibers of the dog. eire. Res. 22:
661-678, 1968.

42.

DeGeest, H., M.N. Levy, H. Zieske, and R.I. Lipman.
Depression of ventricular contractility by stimulation of the vagus nerves. Circ. Res.· 17: 222235, 1965.

43.

DeMello, W.C. and B.F. Hoffman. Potassium ions and
eleptrical activity of specialized cardiac fibers.
Am. J~ Physiol. 199: 1125-1130, 1960.

44.

Dhingra, R.C., K.M. Rosen, and S.H. Rahimtoola. Normal conduction intervals and responses in sixtyone patients using His bundle recording and atrial
pacing. Chest 64:
55-59, 1973.

45.

Dreifus, L.S., Y. Watanabe, R. Haiat, and D. Kimbiris.
Atrioventricular block. Am. J. Cardiel. 28:
371380, 1971.

46.

Durrer, D., T. VanDam, G. Freud, F. Meijler, and J.P.
Roose. Excitation of the human heart.
In: Electrical Activity of the Heart. Ed., G. Manning and
s. Ahuga. Springfield: c.c. Thomas, 1969.

47.

Durrer, D., R. Schulenburg, and H. Wellens. Pre-excitation revisited. Am. J. Cardiel. 25:
690-696,
1970.

48.

Ebert, P.A., R.J. Allgood, and D.C. Sabiston. The anti-arrhythmic effects of cardiac denervation. Ann.
Surg. 168: 728-735, 1968 .

. 49.

Eyster, J. and W. Meek. Experiments on the origin and
conduction of the cardiac impulse. VI. Conduction
of the excitation from the sino-auricular node to
the right auricle and auriculoventricular node.
Arch. Internal. Med. 18: 775-799, 1916.

II
I

147

so.

Eyster, J. and W. Meek. The origin and conduction of
the heart beat. Physiol. Rev. 1: 1-43, 1921.

51.

Foreman, R.D. and R.D. Wurster. Localization and
functional characteristics of descending sympathetic spinal pathways. Am. J. Physiol. 225:
212-217, 1973.

52.

Fozzard, H.A. Impulse propagation. In: Electrical Activity of· the Heart. Eds., G. Manning and
s. Ahuja. Springfield: c.c. Thomas, 1969.

53.

Frink, R.J. and T.N. James. Normal blood supply to
the human His bundle and proximal bundle branches.
Circ. 47: 8-18, 1973.

54.

Geesbreght, J.M. and w.c. Randall. Area localization of shifting cardiac pacemaker during sympathetic stimulation. Am. J. Physiol. 220:
1522-1527, 1971.

55.

Geis, W.P., C.J. Tatooles, M.P. Kaye, and w.c.
Randall. Complete cardiac denervation without
transplantation: A simple and reliable technique. J. Appl. Physiol. 30: 289-293, 1971.

56.

Geis, W.P., M.P_ Kaye, and W.C. Randall. Major autonomic pathways to the atria and S-A and A-V nodes
of the canine heart. Am. J. Physiol. 224: 202208, 1973.

57.

Gettes, L., B. Surawicz, and J. Shine. Effect of
high K, low K and quinidine on QRS duration and
ventricular action potential. Am. J. Physiol.
203: 1135-1140, 1962.

58.

Gettes, L. The electrophysiologic effects of antiarrhythmic drugs. Am. J. Cardiel. 28: 526-535,
1971.

59.

Gianelly, R., A.P. Spivack, and D.C. Harrison. Effect of lidocaine on ventricular arrhythmias in
coronary heart disease. New Engian'd J·. Med.· 277:
1215-1219, 1967.

I
I

I

I

148
60.

Giardina, E.V. and J.T. Bigger. Procain~ amide
against re-entrant ventricular arrhythmias. Circ.
48: 959-970, 1973.

61.

Gillis, R.A. Role of the nervous system in the arrhythmias produced by coronary occlusion in the
cat. Am. Heart J.· 81: 677-684, 1971.

62.

Gillis, R.A., F.H. Levins, H. Thibodeaux, A. Raines,
F.G. Standaert. · Comparison of methylidocaine and
lidocaine on arrhythmias produced by coronary occlusion in the dog. eire. 47: 697-703, 1973.

63.

Gimbel, K.S.. The reentry phenomenon:
diac event. Che·st 6 3: 1-2, 19 73.

64.

Goldberg, J.M., J.M. Geesbreght, W.C. Randall, and
G. Brynjolfsson. Sympathetically induced pacemaker shifts following sinus node excision. Am.
J. Physiol. 224: 1468-1474, 1973.

65.

Goldstein, R.E., R.B. Karsh, E.R. Smith, M. Orlando,
D. Norman? G. Farnham, and S.E. Epstein. Influence of atropine and of vagally mediated bradycardia on the occurrence of ventricular arrhythmias following acute coronary occlusion in closedchest dogs. Circ. 47: 1180-1190, 1973.

66.

Goldstein, R.E., C.A. Hall, and S.E. Epstein. Comparison of relative inotropic and chronotropic
effects of propranolol, practolol, and sotalol.
Chest 64: 619-627, 1973.

67.

Goldreyer, B.N., J.J. Gallagher, and A.N. Damato.
The electrophysiologic demonstration of atrial
ectopic tachycardia in man. Am. Heart ·J. 85:
205-215, 1973.

68.

Goodman, L.S. and A. Gilman. The Pharmacological
Basis of Therapeutics. New York: MacMillan Co.,
1970.

69.

Grossman, J.I., L.A. Lubow, J. Frieden, and I.L.
Rubin. Lidocaine in cardiac arrhythmias. Arch.
Intern. Med. 121:
396-401, 1968.

A common car-

!

149
70.

Hamlin, R.L. and C.R. Smith. Effects of vagal stimulation on S-A and A-V nodes. Am. ·J. Physiol.
215:
560-568, 1968.

71.

Han, J. and G.K. Moe. Nonuniform recovery of excitability in ventricular muscle. Circ. Res. ·14:
44-60, 1964.

72.

Han, J., P.G. deJalon, and G.K. Moe. Adrenergic effects on ventricular vulnerability. eire.· Res.
14: 516-524, 1964.

73.

Han, J., A.M. Malozzi, and G.K. Moe. Sino-atrial
reciprocation in the isolated rabbit heart. c~rc.
Res. 22:. 355-362, 1968.

74.

Han, J. The concepts of reentrant activity responsible for ectopic rhythms. Am.· J. cardi"ol. 28:
253262, 1971.

75.

Han, J. Ventricular ectopic activity in myocardial
infarction. In: Cardiac Arrhythmias. Ed., J. Han.
Springfield: c.c. Thomas, 1972.

76.

Harris, A.S. The spread of excitation in turtle, dog~
cat, and monkey ventricles. Am. J. Physiol. 134:
319-332, 1941.

77.

Harris, A.S., H. Otero, and A.J. Bocage. The induction of arrhythmias by sympathetic.activity before
and after occlusion of a coronary artery in the
canine heart. J. Electrocardiol. 4:
34-43, 1971.

78.

Hashimoto, K., S. Chiba, s. Tanaka, M. Hirata, and
Y. Suzuki. Adrenergic mechanism participating in
induction of atrial fibrillation by ACh. Am. J.
Physiol. 215: 1183-1191, 1968.

79.

Hecht, H.H. and C.E. Kossmann. Atrioventricular and
intraventricular conduction. Am. J. Cardiel. 31:
232-244, 1973.

80.

Herbert, W.H. Cardiac output and the varying R-R interval of atrial fibrillation. J. Electrocardiol.
6:
131-135, 1973.

I
II

"
I

150
81.

Heymans, C. and E. Neil. Reflexogenic Areas of the
Cardiovascular System. Boston: Little, Brown,
& Co., 1958.

82.

Hiejima, K., F. Suzuki, and T. Sano. Origin of "A-V
nodal" rhythm. Jap. Heart. J. 14: 273-280, 1973.

83.

Higgins, C.B., S.F. Vatner, and E. Braunwald. Parasympathetic control of the heart. Pharm. Rev. 25:
119-155, 1973. '

84.

Hilliard, c.c., E.E. Bagwell, H.B. Daniell, and B.F.
Freeman. The effects of reserpine on the cardiovascular responses to phentolamine. Arch. Tnternat. Pharm. et Therap. 196: 55-63, 1971.

85.

His, Jr., W. The story of the atrioventricular bundle with remarks concerning embryonic heart activity. J. Hist. Med. 4:
319-333, 1949.

86.

Hockman, C.H. Experimental neurogenic arrhythmias.
Bull. N.Y. Acad. Med. 43: 1097-1105, 1967.

87.

Hoff, E.C., J.F. Kell, and M.N. Carroll. Effects
of cortical stimulation and lesions on cardiovascular function. Physiol. Rev. 43:
68-114,
1963.

88.

Hoff, H.E. Vagal stimulation before the Webers.
Ann. Med. Hist. 8: 138-144, 1936.

89.

Hoffman, B.F., Paes de Carvalho, and w.c. deMello.
Transmembrane potentials of single fibers of
the atrio-ventricular node. Nature 181: 66-67,
1958.

90.

Hoffman, B.F., Paes de Carvalho, w.c. deMello, and
P.F. Cranefield. Electrical activity of single
fibers of the atrioventricular node. Ci'rc.· Res.
7: 11-18, 1959 •

91.

. Hoffman, B.F. and P.F. Cranefield. Electrophysiology of the Heart. New York: McGraw-Hill, 1960.

92.

Hoffman, B.F., P.F. Cranefield, J.H. Stuckey, and
A.A. Bagdonas. Electrical activity during the
P-R interval. Circ. Res. 8: 1200-1211, 1960.

r

151
93.

Hoffman, B.F. Physiology of atrioventricular transmission. Circ. 24: 506-517, 1961.

94.

Hoffman, B.F., E.N. Moore, J.H. Stuckey, and P.F.
Cranefield. Functional properties of the atrioventricular conduction system. eire. Res. 13:
308-328, 1963.

95.

Hoffman, B.F. and P.F. Cranefield. The physiological basis of cardiac arrhythmias. Am. J. Me'd.
37: 670-684, 1964.

96.

Hoffman, B.F. and D.H. Singer. Appraisal of the effects of catecholamine on cardiac electrical activity. Ann. N.Y. Acad. Sci. 139: 914-939, 1967.

97.

Hogan, P.M. and L.D. Davis. Evidence for specialized fibers in the canine right atrium. Circ.
Res. 23: 387-396, 1968.

i1

I,

98.

Hollenberg, M., s. Carriere, and A.C. Barger. Biphasic action of acetylcholine on ventricular
myocardium. Circ. Res. 16: 527-536, 1965.

99.

Holsinger, J.W., A.G. Wallace, and w.c. Sealy.
The identification and surgical significance
of the atria-l internodal conduction tracts.
Ann. Surg. 167: 447-453, 1968.

100.

Horibe, H. Studies on the spread of right atrial
activation by means of intracellular microelectrodes. Jap. eire. J. 25:
583-593, 1961.

101.

Huang, T.F. Antiarrhythmic action of tetrodotoxin
in various animal species. J ap. J. Physiol. 2 3:
39-46, 1973.

102.

Hunt, R. Direct and reflex acceleration of the mammalian heart with some observations on the relations of the inhibitory and accelerator nerves.
Am. J.· Physiol. ~:
395-470, 1899.

103.

Iijima, T., s. Motomura, N. Taira, and K. Hashimoto.
Effects on A-V conduction of tetrodotoxin selectively injected into the A-V node artery of the
dog. Tohoku J. Exptl. Med. 107: 99-100, 1972.

I'

!
I

,'

r
152
104.

Iwayama, T., W.W. Fleming, and G. Burnstock. Ultrastructure of mitochondria in atrial muscle associated with depression and supersensitivity produced by reserpine. J. Pharm. & Exptl. Therap.
184: 95-105, 1973.

105.

James, T.N. Morphology of the human atrioventricu~
lar node, with remarks pertinent to its electrophysiology. Am. Heart J. 62:
756-771, 1961.

106.

James, T.N. The connecting pathways between the
sinus node and A-V node and between the right and
left atrium in the human heart. Am. Heart J. 66:
498-508, 1963.

107.

James, T.N. Anatomy of the A-V node of the dog.
Anat. Rec. 148: 15-18, 1964.

108.

James, T.N., L. Sherf, G. Fine, and A.R. Morales.
Comparative ultrastructure of the sinus node in
man and dog. Girc. 34: 139-163, 1966.

109.

James, T.N. Cardiac innervation: Anatomic and
pharmacologic relations. Bull. N.Y. Acad. Med.
43: 1041-1086, 1967.

110.

James, T. N. Ultrastructure of the human atrioven-tricular node. Circ. 37: ·1049-1070, 1968.

111.

James, T.N. The anatomy of the AV node, with its
input and output channels. In: Cardiology Current Topics and Progress. Eds., M. Eliakim
and H.N. Neufeld. New York: Academic Press,
19~0, pp. 263-268.

112.

James, T.N., E.S. Bear, K.F. Land, E.W. Green, and
H.H. Winkler. Adrenergic mechanisms in the sinus
node. Arch. Internatl. Med. 125: 513-547, 1970.

113.

James, T.N., E.S. Bear, R.J. Frink, K.F. Lang, and
J.C. Tomlinson. Selective stimulation, suppression, or blockade of the atrioventricular node
and His bundle. J. Lab. Clin. Med. 76:
240-256,
1970.

1~1 I

'I

I,IIL

r

r
153
114.

James, T.N. and L. Sherf. Fine structure of the His
bundle. C~rc. 44:
9-28, 1971.

115.

James, T.N. and L. Sherf. Specialized tissues and
preferential conduction in the atria of the heart.
Am. J. Cardiel. 28:
414-427, 1971.

116.

Jandhyala, B.S., I. Cavero, H.R. Adams, H.H. Smookler,
B~N. Dixit, and J.P. Buckley.
Cardiovascular effects of chronic reserpine administration in mongrel dogs. European ·J. Pharm. 16: 261-270, 1971.

117.

Josephson, M.E., A.R. Caralta, S.H. Lau, J.J.
Gallagher, and A.N. Damato. Effects of lidocaine on refractory periods in man. Am. Heart
J. 84:
778-786, 1972.

118.

Jurevics, H.A. and 0. Carrier. The influence of reserpine on the calcium-induced responses of spontaneously beating isolated rabbit atria. · ·J·. Pharm.
& Exptl. Therap. 184:
189-197, 1973.

119.

Kao, C.Y. Tetrodotoxin, saxitoxin and their·significance in the study of excitation phenomena.
Pharm. Rev. 18: 997-1049, 1966.

120.

Kawamura, K. Electron microscope studies on the cardiac conduction system of the dog.
II. The sinoatrial and atrioventricular nodes. Jap. eire. J.
25: 973-1013, 1961.

121.

Kaye, M.P., J.M. Geesbreght, and W.C. Randall. Distribution of autonomic nerves to the canine heart.
Am. J. Physiol. 218: 1025-1029, 1970.
·

122.

Keith, A. and M. Flack. The form and nature of the
muscular connections between the primary divisions
of the vertebrate heart. J. Anat. Physiol. 41:
172-189, 1906-7.

123.

Khan, M.I., J.T. Hamilton, and G.W. Manning. Early
arrhythmias following experimental coronary occlusion in conscious dogs and their modification by
beta-adrenergic blocking drugs. Am.· Heart J. 86:
347-358, 1973 •

!'

r
I!

154
124.

Ki1lip, T. Management of arrhythmias in acute myocardial infarction. Hosp. Prac. 7: 131-140,
1972.

125.

Kupersmith, J., E. Krongrad, and A.L. Waldo. Conduction intervals and conduction velocity in the human
cardiac conduction system. Circ. 47:
776-785,
1973.

126.

Lazzara, R., B.K. Yeh, and P. Samet. Functional
transverse interconnections within the His bundle
and the bundle branches. Circ. Res. 32: 509-515,
1973.

127.

Lazzara, R., N. El-Sherif, and B.J. Scherlag. Electrophysiologic properties of canine Purkinje cells
in one-day-old myocardial infarction. Circ. Res.
33: 722-734, 1973.

128.

Lees, P. Pharmacology and toxicology of alpha chloralose: A review. Vet. Res. 91:
330-333, 1972.

129.

Lepeschken, E. The Wolf-Parkinson-White synd~ome
(pre-excitation) • In: Cardiac Arrhythmi·a·s.
Ed., J. Han.- Springfield: c.c. Thomas, 1972.

130.

Lev, M. and J.C. Thaemert. The conduction system of
·the mouse heart. Acta Anat. 85:
342-352, 1973.

131.

Levy, M.N., M. Ng, P. Martin, and H. Zieske. Sympathetic and parasympathetic interactions upon
the left ventricle of the dog. Circ. Res.· ·19:
5-10, 1966.

132.

Levy, M.N. and H. Zieske. Autonomic control of cardiac pacemaker activity and atrioventricular
transmission. J. Appl. Physiol. ~:
465-470,
1969.

133.

Levy, M.N. Sympathetic - parasympathetic interactions in the heart. Circ. Res. 29:
437-445, 1971.

134.

Levy, M.N., T. Iano, and H. Zieske. Effects of repetitive bursts of vagal activity on heart rate.
Circ. Res. 30: 186-195, 1972.

1:.1

It

r
155
135.

Lewis, T., B.S. Oppenheimer, and A. Oppenheimer. The
site of origin of the mammalian heart beat; the
pacemaker in the dog. Heart 2: 147-196, 1910.

136.

Lewis, T. The effect of vagal stimulation upon atrioventricular rhythm. Heart 5: 247-280, 1913.

137.

Lewis, T. The Mechanism and Graphic Registration of
the Heart Beat,_3rd Ed. London: Shaw and Son,
Ltd., 1925.

138.

Lieberman, N.A., R. Harris, R. Katz, and v. Fisher.
The effects of lidocaine on the electrical and
mechanical activity of the heart. Am. J. Cardiel.
22: 375-380, 1968.

139.

Lindgren, P. The mesencephalon and the vasomotor
system. Acta Physiol. Scand. 35 {Suppl. 121) :
l-189, 1955.

140.

Madan, B.R. and R.K. Soni. Effect of B-adrenoreceptor b-locking agents on poststimulatory atrial
flutter in the dog, with observations on the participation of adrenergic mechanisms in this experimental _arrhythmia. Brit. J. Pharm. 44: 109116, 1972.

141.

Mannaioni, P.F. Physiology and pharmacology of cardiac histamine. Arch. Internatl. de Pharm. Therap.
196: 64-78, 1972.

142.

Manning, G. Initiation of ventricular arrhythmias.
In: Electrical Activity of the Heart. Eds., G.
Manning and S. Ahuja. Springf1eld: C.C. Thomas,
1969.

143.

Manning, J.C. and C.N. Peiss. Cardiovascular responses to electrical stimulation in the diencephalon. Am. J. Physiol.. 198: 366-370, 1960.

~44.

Manning, J.C. and de v. Cotton. Mechanism of cardiac
arrhythmias induced by diencephalic stimulation.
Am. J. Physiol. 203: 1120-1124, 1962.

I

II
I

r
156
145.

Manning, J.C.
Intracranial representation of cardiac
innervation. In: Nervous Control· of· the Heart.
Ed., w.c. Randall. Balt1more: Williams and
Wilkins, 1965.

146 •

.Hassumi, R.A., G.E. Ertem, and z. Vera. Aberrancy of
junctional escape beats. Am. J. Cardiol. '29: 351359, 1972.

147.

Mendez, C. and G. Moe. Demonstration of a dual A-V
nodal conduction septum in the isolated rabbit
heart. Circ.- Res. 19: 378-393, 1966.

148.

.Hendez, c. and G.K. Moe. Some characteristics of
transmembrane potentials of AV nodal cells during
propagation of premature beats. Circ.· Res. ·19:
993-1010, 1966.

149.

Merideth, J. and J.L. Titus. The anatomic atrial
connections between sinus and A-V node. · Circ.- ·37:
566-579, 1968.

150.

Mizerres, N.J.
Isolation of the cardioinhibitory
branches of the right vagus nerve in the dog.
Anat. Res. 123:
437-446, 1955.

151.

Mizerres, N.J. The anatomy of the autonomic nervous
system in the dog. Am. J. Anat. 96:
285-318,
1955.

152.

Mizerres, N.J. The course of the left cardioinhibitory fibers in the dog. Anat. Rec. 127: 109-115,
1957.

153.

Mizerres, N.J. The origin and course of the cardioaccelerator fibers in the dog. Anat. Rec. 132:
261-279, 1958.

154.

Moe, G.K., J.B. Preston, and H. Burlington. Physiological evidence for a dual AV transmission system. Circ. Res. 4:
357-375, 1956.

155.

Moe, G. and c. Mendez. Functional dissociation in
the A-V transmission system: The mechanism of reciprocal rhythm. In: Cardiac Arrhythmias. Ed.,
J. Han. Springfield: C.C. Thomas, 1972.

L

157
156.

Morrison, A. On the innervation of the sino-auricular node (Keith-Flack) and auriculo-ventricular
bundle (Kent-His). J. Anat. & Physiol. 46:
321327, 1912.

157.

Moore, E.N., J. Melbin, J.F. Spear, and J.D. Hill.
Sequence of atrial excitation in the dog during
antegrade and retrograde activation. J.· Electrocardiol. 4: 283-290, 1971.

158.

Nadeau, R.A. and A.K. Amir-Jahed. Selective perfusion of the A-V node of the dog by cannulation of
the posterior septal artery. · ReV'. can. 'Bi'ol. 24:
291-296, 1065.

159.

Nadeau, R.A. and F.A. Roberge. The mechanism of A-V
arrhythmias. In: Electrical Activi·ty of the
Heart. Ed., G. Manning and s. Ahuja. Springfield:
c.c. Thomas, 1969.

160.

Narula, o.s., B.J. Scherlag, P. Samet, and R.P.
Javier. Atrioventricular block. ·Am.· ·J. Med. 50:
146-165, 1971.

161.

Narula, O.S. Wolff-Parkinson-White syndrome.
47:
872-887, 1973.

162.

Nitter-Hauge, s. and o. Storstein. Surgical treatment of recurrent ventricular tachycardia.
Brit.
Heart J. 35: 1132-1135, 1973.

163.

Nonidez, J.F. The structure and innervation of the
conduction system of the dog and Rhesus monkey as
seen with the silver impregnation technique. Am.
Heart J. 26: 577-597, 1943.

164.

O'Hanlon, J.F., H.C. Campuzano, and S.M. Horvath.
A fluorometric assay for subnanogram concentrations of adrenaline and noradrenaline in plasma.
Anal. Biochem. _l!: . 568-581, 1970.

165.

Osadjan, C.E. and W.C. Randall. Effects of left stellate ganglion stimulation on left ventricular synchrony in dogs. Am. J. Physiol. 207: 181-186,
1964.

Circ.

r
158
166.

Peiss, C.N. Concepts of cardiovascular regulation:
Past, present, and future. In: Nervous· Control
of the Heart. Ed., tv.c. Randall. Baltimore:
Williams and Wilkins, 1965.

167.

Peper, K. and w. Trautwein. The effect of aconitine
on membrane current in cardiac muscle. Pflug.
Arch. 296: 328-336, 1967.

168.

Pliam, M.B., D.J. Krellenstein, M. Vassalle, and
C.McC. Brooks. Influence of the sympathetic system on the pacemaker suppression which follows
overdrive. C~rc. 48:
313-321, 1973.

169.

Priola, D.V. Positive dromotropic effects of the vagus nerves on the canine atrioventricular node.
Cardiovase. Res. 6: 155-162, 1972.

170.

Priola, D.V. Effects of beta receptor stimulation
and blockade on A-V nodal and bundle branch conduction in the canine heart. Am. J.· Cardiel. 31:
35-40, 1973.

171.

Randall, w.c. and D.V. Priola. Influence of the cardiac sympathetics on synchrony of ventricular contraction. Proc. Soc. Exptl. Biol. & Med. 115:
46-48, 1964.

172.

Randall, w.c., M. Szentivanyi, J.B. Pace, J.S.
Wechsler, and M.P. Kaye. Patterns of sympathetic nerve projections onto the canine heart. Circ.
~ ~:
315-323, 1968.

173.

Reynolds, E.W. and C.R. Vander Ark. Evaluation of
quinidine and propranolol in the treatment of arrhythmias in man. In: Electrical Activity of the
Heart. Eds., G. Manning and S. Ahuja. Springfield:
c.c. Thomas, 1969.

174.

Rosen, K., s. Lau, M. Weiss, and A.N. Damato. Effect
of lidocaine on atrioventricular and intraventricular conduction in man. Am. J. Cardiel. 25: 1-5,
1970.

r
159
175.

Rosen, K.M., C. Barwolf, A. Ehasni, and S.H. Rahim
Rahimtoola. Effects of lidocaine and propranolol
on the normal and anomalous pathways in patients
with preexcitation. Am. J. Cardiel. 30:
801809, 1972.

176.

Rosen, K. Junctional tachycardia.
664, 1973.

177.

Rosen, M. and B.F. Hoffman. Mechanisms of action of
antiarrhythmic drugs. Circ. Res. 32: 1-8, 1973.

178.

Sakurada, A., D.O. Voss, D. Brandao, and A.P.
Campello. Effects of propranolol on heart muscle
mitochondria. Biochem. Pharm. 21: 535-540, 1972.

179.

Samet, P. Hemodynamic sequelae of cardiac arrhythmias. Circ. 47:
399-407, 1973.

180.

Sano, T., M. Ono, and T. Shimamoto. Intrinsic deflections, local excitation and transmembrane
action potentials. Circ. Res. 4:
444-449, 1956.

181.

Sano, T., M. Tasako, M. Ono, H. Tsuchihasho, M.
Tayama, and T. Shimamoto. Resting and action
potentials in the region of the atrioventricular
node. Proc. Jap. Acad. 34:
558-563, 1958.

182.

Sano, T. and S. Yamagisho. Spread of excitation from
the sinus node. Circ. Res. 16:
423-430, 1965.

183.

Sano, T., M. Nakai, and I. Suzuki. Nature of His
potential in His electrogram. Jap. Heart J. 13:
521-536, 1972.

184.

Schamroth, L. and K.F. Yoshonis. Mechanisms in reciprocal rhythm. Am. J. Cardiel. 24:
224-233,
1969.

185.

Schamroth, L. The physiological basis of ectopic
ventricular rhythm: A unifying concept. So. Af.
Med. J. 25 (Suppl.):
3-26, 1971.

Circ. 47:

654-

I'

'ii

I;
iii'

jil

!iii
1
.11'!
1

"II
1'

,I,.

I~
160
186.

Scher, A.M., M.I. Rodriquez, and R.L. Hamlin. Observations on atrio-ventricular conduction and
on distribution of the impulse in the ventricles
of ruminants and other mammals. In: The Specialized Tissues of the Heart. Eds., Paes de
Carvalho, W. deMello, and B.F. Hoffman. New York:
Elsivier, 1961.

187.

Scherf, D. and J. Cohen. The Atrioventricular Node
and Selected Cardiac Arrhythmias. New York:
Grune & Stratton, 1964.

188.

Scherlag, B.J., B.D. Kosowsky, and A.N. Damato. A
technique for ventricular pacing from the His
bundle of the intact heart. J. Appl. Phvsiol.
22:
584-587, 1967.

189.

Scherlag, B.J., B.K. Yeh, and M.J. Robinson.
Inferior interatrial pathway in the dog. Circ. Res.
31: 18-35, 1972.

190.

Scherlag, B.J., R. Lazzara, and R.H. Helfant. Differentiation of "A-V junctional rhythms" Circ.
48:
304-312, 1973.

191.

Schiff, M. Untersuchungen uber die motorischen functionen des Grossherns. Naunyn-Schmiedeberg's Arch.
exptl. Path. Pharmskol. 3: 171-179, 1875.

192.

Schlomowitz, R., J. Eyster, and W. Meek. Experiments on the origin and conduction of the cardiac
impulse. V. The relation of the nodal tissue to
the chronotropic influence of the inhibitory cardiac nerves. Am. J. Physiol. ll=
177-202, 1915.

.I
I

I

193.

Schmitt, F.O. and J. Erlanger. Directional differences
in the conduction-of the impulse through heart
muscle and their possible relation to extrasystolic
and fibrillary contractions. Am. J. Physiol. 87:
326-347, 1928-29.

194.

Sealy, w.c., R.J. Bache, A.V. Seaber, and S.K.
Bhattacharga. The atrial pacemaking site after
surgical exclusion of the sinoatrial node. J.
Thor. Cardiovasc. Surg. 65:
841-850, 1973.

'I

r
161
195.

Sethi, V., B. Haider, s.s. Ahmed, H.A. Oldewurtel,
and T.J. Regan. Influence of beta blockade and
chemical sympathectomy on myocardial function and
arrhythmias in acute ischemia. Cardi·ovas·c. Res.
7:
740-747, 1973.

196.

Shepherd, J.T. Intrathoracic baroreflexes.
Clih. Proc. 48:
426-437, 1973.

197.

Sherf, L. and T.N. 'James. A new electrocardiographic concept: Synchronized sinoventricular conduction. Dis. Chest 55: 127-140, 1969.

198.

Singer, D.H. and R.E. TenEick. Pharmacology of cardiac arrhythmias. Prog. Cardiovasc. Dis. 11:
488-514, '1969.

199.

Smith, M. and C.T. Ray. Cardiac arrhythmias, increased intracranial pressure, and the autonomic
nervous system. Chest 61: 125-133, 1972.

200.

Sodi-Pallares, D., E. Barbato, and A. Delmar. Relationship between the intrinsic deflection and subepicardial activation. Am. Heart J. 39:
387-396,
1950.

201.

Spach, M.S., R.C. Barr, G.A. Serwer, J.M. Kootsey,
and E.A. Johnson. Extracellular potentials related to intracellular action potentials in the
dog Purkinje system. C~rc. Res. 30: 505-519,
1972.

202.

Spear, J.F., E.N. Moore, and G. Gerstenblith. Effect
of lidocaine on the ventricular fibrillation threshold in the dog during acute ischemia and permature ventricular contractions. Circ. 46: 65-73,
1972.

203.

Spear, J.F. and E.N. Moore. Influence of breif vagal and stellate nerve stimulation on pacemaker
activity and conduction within the atrioventricular conduction system of the dog. Circ. Res.· 32:
27-41, 1973.

Mayo

r
162
204.

Stephenson, Jr., H.E. Yes, Virginia, there is a vagovagal reflex. Chest 64: 3-5, 1973.

205.

Sugimoto, T., K. Sato, and J. Takeuchi. Effects of
cardiac nerve stimulation on ventricular arrhythmias after coronary occlusion. Jap. Heart J. 12:
368-375, 1971.

206.

Surawicz, B. Ventricular fibrillation.
Cardiel.- 28: 268-287, 1971.

207.

Tawara, s. Das Reizleitungsstem des Saugetierherzens. Jean: Gustav-Fischer, 1906.

208.

TenEick, R.E. and D. Singer. HQ~an cardiac arrhythmia: Mechanisms and models. In: Cardiac Arrhythmias. Ed., J. Han. Springfield: c.c. Thomas,
1972.

209.

Thaemert, J.C. Fine structure of the atrioventricular node as viewed in serial sections. Am. J.
Anat. 136: 43-65, 1973.

210.

Thorel, C. Vorlaufege Mitteillung uber eine besondere Muskel verbindung zwischen der Cava superior
und dem Hisschen Bundel. Munchen. Med. Wehnschr.
56: 21-59, 1909.

211.

Thulesius, o., R. Hansson, and E. List. Cardiospecific beta-adrenergic blockade in the treatment
of nervous heart symptoms. Curr. Therap. Res.
15: 805-814, 1973.

212.

Teczon, A.R. and R.W. Whalen. Refractory supraventricular tachycardias. Circ. 47: 642-653, 1973.

213.

Trautwein, W. and K. Uchizono. Electron microscopic
and electrophysiologic study of the pacemaker in
the sinoatrial node of the rabbit heart.
Zei't.
fur Zell. 61: 96-109, 1963.

214.

Trautwein, W. Generation of the cardiac action potential. In: Electrical Activity of the He-art.
Eds., G. Manning and s. Ahuja. Springfield:
C.C. Thomas, 1969.

Am. J.

r

163
215.

Truex, R.C. Comparative anatomy and functional considerations of the cardiac conduction system. In:
The Specialized Tissues of the Heart. Eds., A.
Paes de Carvalho, w.c. deMello, and B.F. Hoffman.
New York: Elsevier, 1961.

216.

Urthaler, F. and T.N. James. Effects of adenosine
and ATP on AV conduction and AV junctional rhythm.
J. Lab. Clin. Med. 79: 96-105, 1972.

217.

Urthaler, F., C.R. Katholi, J. Macy, and T.N. James.
Mathematical relationship between automaticity of
the sinus node and the AV junction. ·Am. Heart ·J.
86: 189-195, 1973.

218.

Urthaler, F., K. Millar, M.J. Burgess, J.A. Abildskov,
and T.N. James. Comparative dependence on adrenergic neural tone by automaticity in the sinus
node and in the atrioventricular junction. ·J.
Pharm. &· Exptl. Therap. 187: 269-279, 1973.

219.

Urthaler, F. and T.N. James. Effect of tetrodotoxin
of A-V conduction and A-V junctional rhythm. · Am.
J.· Physiol. 224: 1155-1161, 1973.

220.

Varghese, P.J., A.N. Damato, S.H. Lau, M. Akhtar, and
G.A. Bobb. The effect of heart rate, acetylcholine, and vagal stimulation on antegrade and retrograde His - Purkinje conduction in the intact
heart. Am. Heart J. 86: 203-210, 1973.

221.

Varghese, P.J., M.V. Elizari, S.H. Lau, and A.N.
Damato. His bundle electrograms of dog. · Circ.
48:
753-760, 1973.

222.

Vassalle, M. Automaticity and automatic rhythms.
Am. J. Cardiel. 28: 245-252, 1971.

223.

Vaughn Williams, E.M. Classification of antiarrhythmic drugs. In: Symposium on Cardiac Arrhythmias. Eds., E. Sandoe, E. Flensted-Jensen,
and K. Olesen. Sweden: Astra, 1970.

164
224.

Viana, A.P. and w. Osswald. Antiarrhythmic action of
atropine. Arch. Internatl. Pharm. Therap. 192:
238-246, 1971.

225.

Wagner, M., R. Lazarra, R. Weiss, and B. Hoffman.
Specialized conducting fibers in the interatrial
band. Circ. Res. 18: 502-518, 1966.
·

226.

Waldo, A.L., K.J. Vitikainen, G.A. Kaiser, J.R.
Malm, and B.F. Hoffman. The P wave and P-R interval. Circ. 42:
653-671, 1970.

227.

Waldo, A.L., H.L. Bush, Jr., H. Gelband, G.L. Zorn,
Jr., and B.F. Hoffman. Effects on the canine P
wave of discrete lesions in the specialized atrial
tracts. Circ. Res. 29:
452-467, 1971.

228.

Waldo, A.L. and T.N. James. A retrospective look at
A-V nodal rhythms. Circ. 47: 222-224, 1973.

229.

Wallace, A.G. and S.J. Sarnoff. Effects of cardiac
sympathetic nerve stimulation on conduction in
the heart. Circ. Res. 14: 86-92, 1964.

230.

Watanabe, Y. and L.S. Dreifus. Inhomogeneous conduction in the A-V node. Am. Heart J. ·10:
505514, 1965.

231.

Webb, s.w., A.A.J. Adgey, and J.F. Pantridge. Autonomic disturbance at onset of acute myocardial
infarction. Brit. Med. J. 3:
89-92, 1972.

232.

Wechsler, J.s., J.B. Pace, J.M. Goldberg, and w.c.
Randall. Location of synaptic connections in
canine sympathetic cardiac innervation. Am. J.
Physiol. 217: 1789-1794, 1969.

233.

Weidmann, s. Effect of current flow on the membrane
potential of cardiac muscle. J. Physiol. (London)
115: 227-236, 1951.

234.

Y.Jeidmann, s. Effects of calcium ions and local anesthetics on electrical properties of Purkinje fibers. J. Physiol. 129: 568-582, 1955.

165
235.

vJellens, H.J.J. Electrical Stimulation o·f the He·art
in the Study and Treatment of Tachyc·a'r'dia.
Baltimore: University Park Press, 1971.

236.

Wenckebach, K.F. Beitrage zur Kenntnis der Menschlichen Herztatigkeit. Arch. An·at.· Phys·iol. 1:
1-24, 1907.

237.

West, T. Ultramicroelectrode recording from the cardiac pacemaker. J. Ph arm. & Exptl. · The'rap. ·1·15 :
283-290, 1955.

238.

West, T. and D. Amory. Single fiber recordings of
the effects of quinidine at atrial and pacemaker
sites in the isolated right atrium of the rabbit.
J. Pharm. &' Exptl. Therap. 130: 183-193, 1960.

239.

West, T. Effects of chronotropic influence on subthreshold oscillations in the sino-atrial node.
In~
The Specialized Tissues of the Heart. Eds.,
Paes de Carvalho, W. deMello, and B.F. Hoffman.
New York: Elsevier, 1961.

240.

West, T. and N. Toda. Response of the AV node of
the rabbit to stimulation of intracardiac cholinergic nerves. Circ. Res. 20: 18-31, 1967.

241.

Wit, A.L., B.F. Hoffman, and P.F. Cranefield. Slow
conduction and renetry in the ventricular conducting system. Circ. Res. 30: 1-22, 1972.

242.

Wolff, L., J. Parkinson, and P.D. White. Bundle
branch block with short P-R interval in healthy
young people prone to paroxysmal tachycardia.
Am. Heart J. 5:
685-699, 1930.

243.

Zahn, A. Experimentelle Untersuchungen uber Beizbildung und Reizleitung im Atrioventrikularknoten. Arch Ges Physiol 151: 247, 1913.

APPROVAL SHEET
The dissertation submitted by Gilbert R. Hageman has
been read and approved by the following Committee:
Dr. Walter c. Randall, Chairman of Committee
Professor and Chairman, Physiology, Loyola
Dr. Rolf M. Gunnar
Professor, Medicine, and Chief, Cardiology, Loyola
Dr. Michael P. Kaye
Adjunct Associate Professor, Physiology, Loyola
Dr. Matthew N. Levy
Professor, Physiology and Biomedical Engineering,
and Chief, Investigative Medicine, Case Western
Reserve University and Mt. Sinai Hospital, Ohio
Dr. Clarence N. Peiss
Professor, ·Physiology, and Associate Dean,
Graduate School, Loyola
Dr. George P. Pollock
Assistant Professor, Physiology, Loyola
The final copies have been examined by the director
of the dissertation and the signature which appears below
verifies the fact that any necessary changes have been incorporated and that the dissertation is nmv given final approval by the Committee with reference to content and form.
The dissertation is therefore accepted in partial
fulfillment of the requirements for the degree of Doctor
of Philosophy.

S gnature of Advisor

II
I

